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Abstract
Studies on the incorporation of hydrogen-bonding groups into the second coordination
sphere of Cu complexes have revealed that O2 reactivity is enhanced in the presence of these
functional groups.  The effects of intramolecular hydrogen-bonding on the oxygen affinity of
CuN3
+ derivatives, where N3 = tris(2-picolin-6-yl)methane (tripic) and analogues are presented in
Chapter 2.  The key synthetic methodology relies on Pd-catalyzed coupling reactions of lithiated
6-methyl-2-pyridone with bromopyridyl derivatives.  These building blocks allow the
preparation of tridentate N3 ligands decorated with OH and OMe substituents flanking the fourth
coordination site of a tetrahedral complex.  Crystallographic characterization of the ligand
complemented with two methyl and one OH group revealed that it exists as the pyridone
tautomer with a bifurcated hydrogen-bond.  Coupling of these tridendate ligands gives the
corresponding hydroxy- and methoxy-functionalized bis(tripodal) ligands.
Cu[bis(2-methylpyrid-6-yl)(2-hydroxypyrid-6-yl)methane](NCMe)+ oxidizes readily in air to
afford a mixed valence type III Cu1.5 dimer, and can be reversed through the addition of
decamethylferrocene and acid.  The reactivity with dioxygen requires the hydroxyl substituent:
neither [Cu(tripic)(NCMe)]+ nor the methoxy complexes display O2 reactivity.  A similar mixed
valence dimer was found to form upon exposing the dicopper(I) complex of a tetrahydroxy
bis(tridentate) ligand to air.  The dicopper(I) complex of the analogous tetramethoxy N6-ligand
instead reversibly binds O2. Deprotonation of Cu[bis(2-methylpyrid-6-yl)(2-hydroxypyrid-6-
yl)methane](CO)+  afforded the neutral Cu(I) carbonyl complex. Deprotonation of
Cu[bis(2-methylpyrid-6-yl)(2-hydroxypyrid-6-yl)methane](NCMe)+ gave a Cu(I) dimer that does
not contain MeCN, which can be reoxidized, reprotonated, and carbonylated.  The structures of
bis(2-methylpyrid-6-yl)(2-pyridon-6-yl)methane,  a bimetallic Cu(I)(NCMe) complex of the N6-
tetramethoxylated ligand, and two mixed valence Cu dimers were confirmed by single crystal
X-ray diffraction.
Electrochemical O2 reduction studies of these Cu complexes were undertaken, in addition
to various Cu complexes reported in literature.  The oxygen reduction reaction (ORR) onset
potential of Cu[bis(2-methylpyrid-6-yl)(2-hydroxypyrid-6-yl)methane](NCMe)+ (0.46 V) was
found to be more positive than its methoxylated derivative (0.29 V),  in addition to hemocyanin
model complexes [Cu(tripic)(NCMe)]+ (0.34 V) and its tethered bimetallic derivative,
[Cu2(bistripic)(NCMe)2]
2+ (0.40 V) (all potentials vs RHE at pH = 2).  [Cu(tpa)](ClO4)2 (tpa =
iii
tris(2-pyridylmethyl)amine) was found to have the highest reported onset potential for the ORR
(0.53 V) for a Cu complex at low pH.  The ORR activity of Cu(II)(ClO4)2 salts ligated to tpa
derivatives were studied,  including a new tpa ligand functionalized with a ferrocenyl group
(tpa-Fc).  All derivatives were shown to display similar or lower catalytic activity relative to the
parent complex [Cu(tpa)](ClO4)2.  A thiol-tethered tpa derivative forms a monolayer on a Au
surface.  Cu(II)(ClO4)2 coordinates the surface-immobilized tpa ligand, however ORR activity of
the complex was found to be unresolved from competitive reduction by the Au electrode.
Solution cyclic voltammetry studies of [Cu(tpa)](ClO4)2 using a glassy carbon electrode identify
that the active catalyst species adsorbs to the electrode’s surface.
A survey of the binding of anions to the unsaturated 16e– Lewis acid, [Cp*Ir(TsDPEN)]+
([1H]+) was performed, where TsDPEN is racemic H2NCHPhCHPhNTs
–, is presented in
Chapter 4.  The derivatives Cp*IrX(TsDPEN) were characterized crystallographically for X– =
CN– and Me(C=NH)S–.  [(1H)2(µ-CN)]
+ forms from [1H]+ and 1H(CN).  Aside from 2-pyridone,
amides generally add reversibly and bind to Ir through N.  Thioacetamide binds irreversibly
through sulfur.  Compounds of the type Cp*IrX(TsDPEN) generally form diastereoselectively,
with absolute configuration at Ir being opposite to that of the TsDPEN– ligand.  For the strong
ligands (X = CN–, H–, or Me(C=NH)S–), two diastereomers were observed by NMR
spectroscopy.  Diastereomerization to the stable isomers was first order in iridium with modest
solvent effects.  The diphenyl groups are generally diequatorial for the stable diastereomers.
Cp*Ir(SC(NH)Me)TsDPEN is the first example of a !1-S-thioamidato complex.
The addition of H3PO4 to Cp*Ir(TsDPEN-H) was found to be a simple method to obtain a
water-soluble hydrogenation catalyst capable of reducing aromatic ketones to their
corresponding alcohols in aqueous solutions. Key to the reactivity is the low affinity of the
coordinatively unsaturated [Cp*Ir(TsDPEN)]+ for oxoanions (H2PO4
–), unlike its Ru congener,
[(p-cymene)Ru(OPO3H2)(TsDPEN)]
+ that was found to coordinate the dihydrogenphosphate
anion.  Catalyst degradation is proposed to proceed via protonation of the tosylamido ligand, as
was established by the crystallographic characterization of the tosylamine complex
[Cp*Ir(NCMe)(HTsDPEN)]2+.  Protonation studies of Cp*IrH(TsDPEN) (the proposed active
species in hydrogenation catalysis) support the hemi-lability of the resulting HNTs amine center.
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1Chapter 1.
Second Coordination Sphere Effects and Proton Induced Reactivity
at Metal Centers
1.1 Cathodic Catalysts for the Oxygen Reduction Reaction (ORR)
The discovery of alternative fuel sources continues to be a major focus of research
throughout the world as concerns over the depletion of fossil fuels continue to increase.
Fuel cells have been developed that take advantage of either sunlight or electricity to burn
clean fuels.  One of the major contenders of the alternative energy race is the hydrogen-
oxygen fuel cell.1  In this cell, hydrogen is oxidized in the anodic compartment to afford
protons and electrons, which are transferred into the cathodic compartment to participate
in the ORR (Figure 1.1).
The reduction of O2 to H2O is a complicated process generating many pathways
(Figure 1.2).2  Ideally, the cathodic catalyst would effect the four-electron reduction of
dioxygen in the presence of 4H+ at Eº = 1.23 V.  Additional pathways lead to the
formation of hydrogen peroxide, producing 0.5 V less energy than direct reduction to
water.  The lower kinetic barrier for the generation of H2O2 relative to H2O is a major
obstacle in developing an efficient O2 reduction catalyst.
Figure 1.1.  General schematic for a hydrogen-oxygen fuel cell.
2A performance standard for the reduction of O2 is Pt metal, which exhibits an
overpotential of approximately 0.3 V.3  The low percentage of Pt found in the Earth’s
crust (0.005 ppm)4 and the high demand in applications such as automobile catalytic
converters drive the search for an alternative catalyst.  One alternative approach is to
model the active sites of enzymes known to efficiently reduce dioxygen to water.5,6
Laccase, which has an active site consisting of three Cu centers, converts O2 to H2O at a
low overpotential of 70-150 mV.7,8  However, studies on the adsorbtion of laccase
enzymes onto electrode surfaces have shown that current density is too low due to the
size ratio of the active site to the entire enzyme.9,10  Modeling the active site of laccase is
one way to exploit the intrinsic catalytic properties to attain greater catalyst density.
1.2 Activation of Dioxygen by Laccase
The tricopper site of laccase consists of two type III Cu centers which are
coordinated to three histidines, and one type II Cu, which is coordinated to two histidines.
An additional type I copper center found ~13 Å from the triCu site acts as a reducing
equivalent and does not participate in the coordination of O2.  Solomon has proposed that
the mechanism for the reduction of O2 by laccase proceeds via an initial triCu-peroxo
intermediate, where 1e– originates from each Type III Cu center.  This peroxo
intermediate is reduced by 2e– derived from the type II and type I Cu centers to afford a
µ-oxo, µ-hydroxo species.11,12  The second reduction has been proposed to be assisted by
the transfer of a proton from an aqua ligand coordinated to the type II Cu in a proton-
O2
+ 1.229 V
(4e– + 4H+)
2 H2O
HO2 H2O2
+ 1.776 V
(2e– + 2H+)
+ 1.495 V
(e– + H+)
+ 0.695 V
(2e– + 2H+ )– 0.105 V
(e– + H+)
Figure 1.2.  Square diagram displaying the various mechanistic pathways possible for the reduction
of O2 to H2O.
3coupled electron transfer (PCET) mechanism.13,14  Subsequent fast transfer of protons and
reduction by 4e– affords two equivalents of water and regenerates the active center
(Scheme 1.1).
Previous efforts to model the tricopper active site of laccase have resulted in the
isolation of complexes that irreversibly coordinate a ligand (e.g. µ-oxo), rendering them
Scheme 1.1.  Proposed mechanism for the activation and reduction of O2 by laccase, a multicopper
oxidase.  Histadine ligands and the linker connecting the Type I Cu center have been simplified for
clarity.
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4as ineffective ORR catalysts.15-19  Given the difficulty in constructing a tricopper complex
capable of performing the ORR, it was of interest to prepare catalysts inspired by the type
III dicopper moiety of laccase.
Dioxygen can bridge two Cu centers in one of two coordination modes: µ-!1:!1,
an end-on binding mode isolectronic to alkyl peroxo reagents or µ-!2:!2, a side-on
binding mode.20  A significant difference between the two binding modes lies in
electronic nature of the coordinated O2.  Dioxygen coordinated in the µ-!
1:!1 mode has
been shown to be basic at O2: treatment of [(tpa)2Cu2(µ-!
1:!1-O2)]
2+ (tpa =
tris(2-pyridylmethyl)amine) with acid was found to afford hydrogen peroxide.  In
contrast, complexes of the type [(N3)Cu2(µ-!
2:!2-O2)]
2+ (where N3 is a tridentate N-donor
ligand) have been shown to be inert to the presence of acid, but rather oxidize
electron-rich substrates, such as PPh3 to OPPh3.
21
The type III dicopper subunit of laccase is observed in the active site of
hemocyanin, an O2 carrier in mollusks and arthropods.
22  Hemocyanin’s two Cu center
active site binds O2 in a µ-!
2:!2 coordination mode.  Although not the first structurally
characterized Cu2–O2 complex,
23 the first hemocyanin model to accurately portray µ-!2:!2
O2 binding was discovered by Kitajima et al. through treament of [Cu2(µ-OH)2(HB(3,5-
i-Pr2pz)3)2] (pz = pyrazolyl) with H2O2 to afford [Cu2(µ-!
2:!2-O2)(HB(3,5-i-Pr2pz)3)2].
The Cu–Cu distance of 3.560(3) Å in Kitajima’s model matches well with the ~3.6 Å
Cu–Cu distance in the oxygenated state of hemocyanin.  Samples of
[Cu2(µ-!
2:!2-O2)(HB(3,5-I-Pr2pz)3)2] decompose above –10 ºC.
24
A subsequent breakthrough in hemocyanin modeling  was made by Kodera and
coworkers, who discovered that [Cu2(bistripic)(NCMe)2]
2+ (bistripic = 1,2-bis[2-(bis(6-
methylpyrid-2-yl)methyl)pyrid-6-yl]ethane) reversibly binds O2 at room temperature
(Figure 1.3).25  The Cu–Cu distance in [Cu2(bistripic)(µ-!
2:!2-O2)]
2+ is 3.477(7) Å, which
is significantly shorter than that for Kitajima’s model.  The addition of MeCN to a
CH2Cl2 solution of  [Cu2(bistripic)(µ-!
2:!2-O2)]
2+ reversed the binding of O2 to afford the
starting complex, [Cu2(bistripic)(NCMe)2]
2+.  After three oxygenation cycles, about 30 %
of [Cu2(bistripic)(NCMe)2]
2+ degrades to unidentified species.
5Bridging the two tripic units was necessary to attain reactivity with dioxygen, as
[Cu(tripic)(NCMe)]+ was found to be relatively inert to O2.
26  A few years later, Kodera
et!al. improved the reversibility of their hemocyanin model by methylating the methine
C-H groups of each tripic moiety.27  Methylation of the apical methine-C atoms of
bistripic resulted in a steric interaction between the methyl substituent and the arene
C–H’s of the picolinyl groups.  This steric interaction was found to push the picolinyl
groups inward toward the Cu center, shortening the Cu–N(picolinyl) distances while
lengthening the Cu–Cu distance of the O2 adduct to 3.523(8) Å.  The bismethylated diCu
complex exhibits increased reversibility with respect to [Cu2(bistripic)(µ-!
2:!2-O2)]
2+,
showing only 10% decomposition after three oxygenation cycles.
1.3 The Second Coordination Sphere’s Influence on Metal Reactivity
Second coordination sphere interactions control both the properties and functions
of enzyme active sites through non-covalent interactions, such as hydrogen-bonding.  An
excellent example of hydrogen-bond assisted reactivity in Nature is found in the active
site of cytochrome P450cam, an enzyme that activates O2 for the subsequent oxidation of
C–H bonds of organic substrates (e.g. camphor).28  A crystallographically characterized
network of water molecules near the oxygen bound Fe active site of the enzyme has been
proposed to act as a proton delivery pathway to assist O–O cleavage of the Fe–O2 species
(Figure 1.4).29  In cupredoxin azurin proteins, perturbation of the amino acid residues in
Figure 1.3.  Depiction of Kodera’s hemocyanin model in its deoxygenated and oxygenated states.
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6the second coordination sphere has been shown to drastically modulate the redox
potential of the active site’s Cu center over a range of 700 mV.30
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Figure 1.4.  Depiction of the oxy state of cytochrome P450 displaying the water residue proposed to
participate in O–O bond activation for the Fe–superoxo species.28,31
Second coordination sphere hydrogen-bonding has additionally been
demonstrated to assist transformations on a molecular level.  CuII complexes having
bipyridine ligands functionalized with dimethylammonium groups have been show to
accelerate the hydrolysis of bis(p-nitrophenyl)phosphate 103 times faster than its
unfunctionalized CuII(bipy) analogue.32,33  Additionally, a similar ligand design having
trimethylammonium substituents was found to hydrolyze bis(p-nitrophenyl)phosphate at
a rate of 4.4 ! 10-3 s-1 (20 ºC), 103 times slower than the pendant dimethylammonium
congener.  The results suggest that the pendant ammonium N–H proton participates in
activating the phosphate ester in hydrolysis. 2,6-Bis(pyrid-2-yl)pyridine (terpy) ligands
decorated with guanidinium groups have been observed to accelerate the rate of
hydrolysis of the phosphate functionality of a RNA dimer by a factor of ~103.33  Urea
substituents appended to pyrazole-based ligands that coordinate two Co centers have also
been shown to accelerate the hydrolysis of acetonitrile and ethyl acetate.34
7The reactive metal-oxygen species can be stabilized by auxiliary hydrogen-bond
donors.  For example, Masuda and coworkers reported the first crystallographically
characterized Cu-hydroperoxo species, owing to the stability provided by pendant amides
that hydrogen-bond to an oxygen atom of the hydroperoxo ligand.35  Generation of the
Cu-hydroperoxo species proceeds through treatment of a CuII(tpa) derivative containing
two pivalamide groups with hydrogen peroxide (eq 1.1).
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Figure 1.5.  Top: Depiction of the monomeric subunit in the molecular structure of [Cu2(L)2((1,3-µ-
O3POPh)2(OH2)2](NO3)4 (L = 6,6_-Bis(3-dimethylammoniopropynyl)-2,2_-bipyridine) [atoms
linking the two Cu centers in the dimer are labeled in red].  Bottom: Hydrolysis reaction catalyzed
by Cu2 (L)(NO3)4·(OH2)2.
8Two amide N–H protons flank the C–OOH oxygen atom with an average N–O distance
of 2.78 Å.  The stability of the complex is striking, showing no signs of decomposition
over a period of one month, which can be attributed to both hydrogen-bonding and the
steric protection provided by the t-butylamides.
A further example of the stabilization afforded by second coordination sphere
hydrogen-bonding was reported by Borovik and coworkers, in which isolation of a
monomeric Fe-oxo was achieved owing to flanking hydrogen-bonds provided by
t-butylurea substituents.36  The formation of the thermodynamically favored FeIII2(µ-O)
was avoided using a strategy similar to Masuda’s.  The reaction of [FeII(H2L)]
2- (where
one urea group coordinated to Fe is deprotonated, H3L
3- = tris[(N!-t-butylureaylato)-N-
ethyl]aminato) with O2 in the presence of an H· donor (e.g. 9,10-dihydroanthracene)
affords [FeIII(H3L)(O)]
2-.  A proposed mechanism is presented in Scheme 1.2.  Initial
formation of FeIII2(µ-"
1:"1-O2) is followed by subsequent cleavage of the O–O bond to
give a monometallic FeIV=O, which cannot bridge an additional Fe center due to the
sterically demanding t-butyl substituents.  Abstraction of a hydrogen atom by the FeIV=O
and intramolecular proton transfer from the resulting FeIII–OH to the proximal
deprotonated urea-amido affords the FeIII–oxo product.  Hydrogen-bonding between the
three urea groups and the FeIII=O was found to be present, with an average N–O distance
of 2.707!Å.
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9The previous examples illustrate the interactions between auxiliary hydrogen-
bonding functionality and reactive metal-oxygen intermediates.  A well-defined
correlation between the number of hydrogen-bond donors and stability of a
corresponding metal–O2 complex has however not been demonstrated.  Masuda and
coworkers attempted to correlate the number of amine substituents on a tpa derivative
with stability of the corresponding (N4)2Cu2(µ-!
1:!1-O2) complexes (Table 1.1).
37
(tpa)2Cu2(µ-!
1:!1-O2) is stable at temperatures below –70 ºC, and the thermal degradation
product has yet to be clarified.38  Comparing kdecomp for the oxygenated diCu complexes of
amino-derivatized tpa ligands, Masuda found that the rate of decomposition decreased as
the number of pendant amines increased.  A similar study presented by Masuda et al.
established that increased steric bulk in the 6-position of the pyridine rings of tpa
destabilizes the Cu2(µ-!
1:!1-O2) adduct.
39
Scheme 1.2.  Borovik’s proposed mechanism for the formation of a hydrogen-bond stabilized and
sterically protected mononuclear FeIII–oxo (bracketed species are proposed).
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1.4 Acceleration of ORR by Auxiliary Proton Sources
The previous sections describe enzymes whose active sites represent desirable
targets to model, both in terms of developing ORR catalysts and understanding how
reactivity might be modulated by hydrogen-bonding functionalities.  In order to
efficiently reduce O2 following the desired 4H
+ + 4e– pathway, hydrogen-bonding must
be incorporated in active site models.2  As mentioned earlier, the active site of laccase has
been proposed to require the transfer of a proton to activate dioxygen bound in the
tricopper site.13  Additionaly, cytochrome oxidase, the enzyme responsible for performing
the final step of aerobic respiration, reduces O2 to H2O through a PCET mechanism in
order to avoid toxic intermediates (e.g. HO2
–).40  Studies of the reactivity between
(N4)Cu
O
O Cu(N4)
2+ kdecomp
-50 oC, MeOH
Table 1.1.  Rate constants determined for the decomposition of [(N4)Cu2(µ-!
1:!1-O2)]
2+ using tpa
derivatives with an increasing number of amine substituents.
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11
metal–O2 species and proximal protons have the potential to generate design principles
for decreasing overpotentials of molecular catalysts.
1.5 Transfer Hydrogenation (TH) Catalysis
Asymmetric TH is a state of the art method of stereoselectively hydrogenating
polar unsaturated substrates.41  The catalytic process involves the transfer of hydrogen
from a sacrificial substrate to unsaturated functional groups, including ketones,
aldehydes, and olefins.42-44  Industrially, TH catalysis is utilized in the liquefaction of coal
using metal oxides, a process in which carbon is hydrogenated using a non-gaseous H2
source, such as 1-propanol, to afford synthetic fuels.45
An early example of a hydrogen transfer reaction is the Meerwein-Ponndorf-
Verley reduction, in which an equivalent of H2 is abstracted from an alcohol using an
aluminum catalyst to reduce a ketone or aldehyde substrate.46  The mechanism of
hydrogen transfer is proposed to involve a cyclic six-membered transition state center,
whence the exchange of a hydride from the H2-donor molecule to a carbonyl group
occurs (Scheme 1.3).47
12
Decades later, Noyori and Ikariya discovered a Ru-based complex,
(p-cymene)RuH(S , S -TsDPEN) (TsDPEN = H2NCH(Ph)CH(Ph)NTs
–)  tha t
enantioselectively catalyzed the transfer of hydrogen from an alcohol source to
acetophenone with an ee of 91%.48  A key to the asymmetric induction of the catalyst is
the steric profile generated by the phenyl groups of the chiral diamine.
(p-cymene)RuCl(S,S-TsDPEN) serves as a precatalyst, which can be dehydrohalogenated
via deprotonation of the amine-center in the presence of base to afford an unsaturated
16e– intermediate, (p-cymene)Ru(S,S-TsDPEN-H).  The 16e– species can be considered
to have a partial Ru–NH double bond originating from !-donation by the amido group,
which is supported by the short Ru–NH distance of 1.897(6)!Å compared to 2.117(9) Å
in the protonated (p-cymene)RuCl(S,S-TsDPEN) state.49
The proposed mechanism for transfer hydrogenation catalysis by
(p-cymene)Ru(S,S-TsDPEN-H) involves cycling between two catalyst states
(Scheme!1.4).50  The ‘dehydro’ form of the catalyst, (p-cymene)Ru(S,S-TsDPEN-H),
Al
O
O O
R R'
O
Al
O
O
O
OR'
R
H
Al
O
O
O
OR'
R
H
O
Al
O
O OH
R'
R
OH
R
OH
R'
H
Scheme 1.3.  Proposed mechanism for the Meerwein-Ponndorf-Verley reduction catalyzed by an
Al-alkoxide, using 2-propanol as a hydrogen donor source.
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which is proposed to abstract hydrogen from the H2-donor alcohol in an inner sphere-
pericyclic transition state.  Alkoxide coordination does not apply to these catalysts, unlike
the Meerwein-Ponndorf-Verley reduction.  The hydride of (p-cymene)RuH(S,S-TsDPEN)
subsequently transfers hydrogen to a prochiral ketone to revert back to the dehydro state.
To avoid erosion of the enantioselectivity, extensive reaction times must be avoided
along with limitation of the initial concentration of acetophenone to 0.1 M in neat
2-propanol to avoid dehydrogenation of (S)-1-phenylethanol back to acetophenone.48
Scheme 1.4.  Proposed transfer hydrogenation mechanism for the reduction acetophenone to
(S)-1-phenylethanol catalyzed by (p-cymene)RuH(TsDPEN).
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Analogous complexes of the form Cp*M(TsDPEN-H) (M = Ir or Rh) were
developed by Tani and coworkers.51,52  Both complexes were shown to be proficient TH
catalysts for the reduction of aryl ketones, but the TOFs of these group IX metal catalysts
are lower than that of (p-cymene)Ru(TsDPEN-H).53
1.6 Protonation of the ‘Dehydro’-state of TH Catalysts
A third cationic state of TH catalysts was simultaneously reported by the
Rauchfuss and Noyori research groups.54,55  Protonation of the 16e– complex
Cp*Ir(TsDPEN-H) was discovered to generate an amino cation, [Cp*Ir(TsDPEN)]+,
which was shown to coordinate a wide variety of Lewis bases.56  Noyori and coworkers
found that protonation of (p-cymene)Ru(TsDPEN-H) with HOTf (trifluoromethylsulfonic
acid) analogously afforded [(p-cymene)Ru(TsDPEN)]+, allowing such catalysts to
perform atom-economical hydrogenation using H2 instead of sacrificial hydrogen
donors.55
Similar to the mechanism described for TH, hydrogenation by cationic TH
catalysts, such as [Cp*Ir(TsDPEN)]+, is proposed to involve binding of H2 to the cationic
Ir center to afford a dihydrogen complex, [Cp*Ir(H2)(TsDPEN)]
+.  Formation of
Cp*IrH(TsDPEN) from Cp*Ir(TsDPEN-H) and H2 was shown to be acid catalyzed.
57
Conjugate bases of the acid catalysts having pKa values greater than 11.4 (MeCN) were
found to have faster rates for the hydrogenation of 1 than non-coordinating conjugate
bases (e.g. BArF244
– [tetrakis(3,5-trifluoromethyl)borate]), attributed to assisted
deprotonation of the intermediate cationic H2 complex by the more basic conjugate acids
(Figure 1.6).  Ikariya later reported that a similar cation effect was observed for hydrogen
activation by [Cp*Ir(TsDACH)]SbF6 (TsDACH
– = N-tosyl-1,2-diaminocyclohexane–) in
the presence of AgSbF6 and triethylamine.
58
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Figure 1.6.  Proposed mechanism by Heiden et al. for acid catalyzed activation of H2 by
[Cp*Ir(TsDPEN)]+ (X = PF6
–, OTf–, BF4
–, NO3
–).
Recently a Ru catalyst that is competent and both transfer hydrogenation and
hydrogenation using H2 gas has been reported by Ikariya and coworkers.
59  The Ru
catalyst contains a tether between a xylyl arene and an amido group (Figure 1.7).  The
increased basicity of the secondary amido group influenced by the alkyl tether drastically
improves H2 activation rates for 16e
– Ru center, without the need of an external proton
source to activate the metal’s Lewis acidity.
Ru
N
N
Ts
O
H2 (5 MPa)
CD3OD, 60 ºC
0.5 h
Ru N
TsN
H H
O
Figure 1.7.  Facile activation of H2 by a tethered Ru(II) complex without the need of an acid catalyst.
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Chapter 2.
O2 Reactivity in Copper Complexes of Tripodal Ligands Bearing
Hydrogen-bonding Functionality
†
2.1 Introduction
 The catalytic reduction of O2 is central to many energy harvesting systems.
1,2  Aerobic
life depends on this process, and although Nature has evolved elaborate catalysts for this
reduction, synthetic catalysts are rare.3-8  Catalysts for the oxygen reduction reaction (ORR)
could be useful in fuel cells, which operate optimally when the reduction of O2 is effected close
to its thermodynamic potential (Figure 2.1).9  Even platinum-based catalysts require
overpotentials of several hundred millivolts, thus motivating the development of systems
requiring less electrical energy.  Modeling enzyme active sites is one the most promising
approaches to the development of alternatives to platinum catalysts in fuel cells.10,11
H2 2 H
+ + 2 e- Eº = 0 V
0.5 O2 + 2 e
- + 2 H+ H2O E
º = +1.23 V
H2 + 0.5 O2 H2O !E = +1.23 V
Figure 2.1. Half-reactions for required for the reduction of O2 using electrons and protons derived from H2.
In the quest for biomimetic O2 reduction catalysts, the obvious approaches involve iron
and copper centers capitalizing on the affinity of biological cuprous and ferrous centers for O2.
12
Impressive advances have been made in constructing functional O2 reduction catalysts based on
cytochrome oxidase.13  In some respects laccase, a multicopper oxidase containing a trinuclear
Cu site where O2 is efficiently reduced to H2O,
14 presents a simpler design when compared to
cytochrome oxidase, although less progress has been reported in developing functional
                                                 
† Letko, C. S.; Rauchfuss, T. B.; Gray, D. L. Reproduced in part with permission from Inorganic Chemistry,
submitted for publication.  Unpublished work copyright 2011 American Chemical Society.  We would like to thank
Dr. Mark Nilges for recording and simulating the EPR spectra.
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models.15-17
An important example of a well-defined, thermally stable Cu2–O2 complex is
[Cu2(bistripic)(O2)]
2+ (bistripic = 1,2-bis[2-(bis(6-methylpyrid-2-yl)methyl)pyrid-6-yl]ethane),
prepared by Kodera and coworkers (Figure 2.2).18,19  This dicopper complex mimics the behavior
of the O2-carrier hemocyanin.
20  In the bistripic system, the two CuN3 sites cooperate in
stabilizing the µ-!2:!2-O2 bonding mode.  The related monocopper derivative
[Cu(tripic)(NCMe)]+ (tripic = tris(6-methylpyrid-2-yl)methane) is stable for days in the presence
of O2.
21
O2, -MeCN
-O2, +MeCN
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Figure 2.2. Binding of O2 to Kodera’s [Cu2(bistripic)(O2)]
2+.
In theory, by augmenting Kodera’s complexes with proton donors, this hemocyanin
model could acquire laccase-like properties via the shuttling of protons to the activated dioxygen
molecule (Scheme 2.1).22,23  In testing this hypothesis, one challenge is that such dicuprous
complexes should only be able to deliver 2e–, whereas in laccase 4e– are delivered from four
Cu(I) centers, three of which directly participate in binding O2.  Solving the 4e
– vs 2e– problem
requires supplementing the substrate binding site with redox centers.  Before addressing the
electron stoichiometry, fundamental studies will be addressed in testing the role of proton donors
in facilitating reactions between dioxygen and Cu(I). Several studies have examined the role of
hydrogen-bonding substituents in the second coordination sphere of copper complexes, but with
variable success.24-32  A Cu-hydroperoxide is stabilized by a hydrogen-bond between a pendant
pivalamide N-H group and an oxygen atom of the hydroperoxide.31  The stability of
24
[Cu2(tpa)2(µ-!
1:!1-O2)]
2+ complexes is slightly enhanced by introduction of amine groups
flanking the pyridyl nitrogen centers.28
Scheme 2.1.  Hypothetical example for hydrogen-bond assisted reduction of dioxygen with a derivative of
Kodera’s hemocyanin model.
The presence of hydrogen-bonding in the reduction of O2 is prominent in enzymatic
processes,33 such as the action of cytochrome c oxidase.34,35  The proton shuttle is thought to
ensure the complete reduction of O2, avoiding the release of harmful intermediates such as HO2
–.
A proximal proton donor lowers the barrier for the reduction of O2 to H2O by operating through a
proton-coupled electron-transfer (PCET) mechanism.36,37
This chapter describes the synthesis of a new set of mono- and dicopper complexes with
hydroxyfunctionalized tripodal ligands, along with a description of their reactivity toward
dioxygen.  H-bonding functionality is demonstrated to enhance the reactivity of Kodera’s
hemocyanin model, not only for the dicopper(I) species but for the analogous monocopper(I)
complex.
2.2 Synthesis of Hydroxy-Complemented Tripicolines
With the goal of preparing copper(I) complexes of hydroxy-complemented tripods, we
developed a new methodology to introduce hydroxy groups into tripodal picolinyl ligands.
These methods complement the elegant coupling routes described by Kodera.18,38  Specifically, it
was found that 2-hydroxy-6-methylpyridine efficiently underwent double dilithiation.  The
resulting dilithio derivative coupled with 2-bromo-6-methylpyridine using ZnCl2 as the
transmetallating agent and Pd(dppf)Cl2
* as catalyst to afford (2-picolin-6-yl)(2-pyridon-6-
                                                 
* Substitution of Pd(PPh3)4 as the catalyst was not found to yield 1.
N
N
N
Cu
O
O
2+
+ 2 e–, + 2 H+
OH
N
N
N
Cu
HO
N
N
N
CuL
2+
O
N
N
N
LCu
O
2 H2O
L = solvent
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yl)methane (1).  The coupled product 1, which exists as the pyridone tautomer in solution,
proved to be a versatile precursor to other tripodal N3-ligands that contain flanking hydrogen-
bonding functionality.  For example, 1 was cross-coupled with an additional equiv of 2-bromo-6-
methylpyridine to afford ligand 2H (Scheme 2.2).
Scheme 2.2. Synthesis of hydroxyl functionalized tripodal ligands.
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X-ray crystallographic analysis confirmed that 2H exists as the pyridone tautomer in the
solid state.  An intramolecular bifurcated hydrogen bond exists between the pyridone N-H and
the two picolinyl nitrogen atoms with a N1–N2 distance of 2.902(2) Å (Figure 2.3).  Even
stronger bifurcated hydrogen-bonds have been observed for a related related amide-pyridine-
pyrazine ligand (d(Namide–Npyridine = 2.598(6), d(Namide–Npyrazine = 2.667(5)!Å).
39  Thus, ligand 2H
adopts a conformation very similar to its complexes.  Amine proton N1–H was located in the
difference map at a short distance of 2.41(2) Å from N2.  The presence of hydrogen-bonding in
2H is consistent with its 1H NMR spectrum, which exhibits a D2O-exchangeable signal at ! 11.8
(Figure 2.4).40
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Figure 2.3.  Molecular structure of the pyridone tautomer of 2H with ellipsoids drawn at 50% probability.
The hydrogen atom (green) bound to N1 was observed crystallographically.  Other hydrogen atoms have
been omitted for clarity.
Figure 2.4.  1H NMR spectrum of a CDCl3 solution of the tripodal ligand 2H as the pyridone tautomer.  The
broad singlet at high field (! 11.8) is assigned to the pyridone N-H.
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Pd-catalyzed cross-coupling of the dilithiated derivative of 1  with 2-bromo-6-
methoxypyridine gave 3, a chiral tripodal ligand where the binding pocket is flanked by methyl,
methoxy, and hydroxy substituents (Scheme 2.2).  The 1H NMR spectrum of 3 displays
individual pyridine C-H signals for each of the pyridyl subunits making up the tripod
(Figure!2.5).
Figure 2.5.  1H NMR spectrum acquired for a CDCl3 solution of 3 displaying signals for the sp
2-C–H protons
of picolinyl, methoxypyridyl, and pyrodinyl groups.
Hexadentate ligands capable of binding two copper centers were prepared via the
homocoupling of two tripodal ligands such as 2H.  To avoid complications with the
homocoupling of chiral precursors such as 3, we focused on coupling of the dimethoxy tripod 4,
prepared by methylation of 3 with Ag2CO3 and MeI.  Chromatographic separation of 4 from an
oxidation side product was not successful, although the 1H NMR spectrum of a sample was only
found to contain signals attributed to 4.  Therefore, the blue oil, 4, was used in the subsequent
homocoupling reaction to acquire tetramethoxyhexapyridyl ligand 5.  Following the methods of
Kodera, two equiv of 4 were coupled by double deprotonation using t-BuLi,* followed by
oxidation with 1,2-dibromoethane at –78 °C to afford 5 (Scheme 2.3).
                                                 
* Note that the blue color of 4 is quenched upon the addition of the first few drops of t-BuLi, probably due to
reduction of a low quantity of a radical impurity.
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Scheme 2.3.  Synthesis of methoxy- and hydroxy-functionalized bistripodal ligands.
N N
N
MeO
OMe
4
1) t-BuLi (2 equiv.)
2) Br Br NMeO N
N
MeO
N N OMe
N
MeO
5, 31 %
THF
HBr
N
H
O N
HN
O
N N
H
O
HN
O
6H4, 71 %
Analogous to the behavior of 2-methoxypyridine,41 5 was efficiently demethylated with
HBr to yield the tetrahydroxy ligand 6H4 (Scheme 2.3).  Coordination of Cu
I to hydroxy-
decorated tripodal ligands occurs with tautomerization of pyridone to hydroxypyridine (see
below).  For the sake of simplicity, the ligand abbreviations 2H and 6H4 are used to describe all
tautomers of these ligands. The methine C-methylated derivative of 6H4, ligand 7H4, was
synthesized by double deprotonation of 5 with n-BuLi followed by treatment with MeI.19  This
derivative also smoothly underwent deprotection of the methoxy groups using HBr.
2.3 Copper(I) Complexes
The tripodal ligands 2H and 3 readily formed 1:1 complexes upon treatment with salts of
[Cu(MeCN)4]
+.  Spectroscopic analysis indicated that these species are spectroscopically similar
to [Cu(tripic)(MeCN)]+.21  A dramatic upfield shift was observed by 1H NMR spectroscopy for
the N–H signal of 2H upon coordination to CuI, indicating isomerization to the hydroxypyridine
tautomer.  Similarly, the binucleating ligands 5 and 6H4 gave 2:1 derivatives.  For the dicopper
derivatives, the solubilities of the PF6
– salts in CH2Cl2 were poor; this problem was solved using
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either tetrakis(3,5-trifluoromethylphenyl)borate (BArF244
–) or tetrakis(pentafluorophenyl)borate
(BArF204
–) as the anion.  Achieving solubility in non-coordinating solvents such as CH2Cl2 is
essential in allowing binding of weakly-coordinating small molecules (such as O2) to diCu(I)
complexes.
Crystallographic analysis of [Cu2(5)(NCMe)2](BAr
F24
4)2 confirmed the N4 coordination
environment provided by two methoxypyridyl groups, one picolinyl group, and an acetonitrile
ligand (Figure 2.6).  The copper-pyridine distances were found to be relatively symmetric, with
Cu(1)-N(1) = 2.090(4) Å, Cu(1)-N(2) = 2.09(4) Å, and Cu(1)-N(3) = 2.060(3)!Å.  A distance of
6.7784(9) Å separates the two Cu atoms in the Ci symmetric molecule.
Figure 2.6.  Molecular structure of [Cu2(5)(NCMe)2](BAr
F24
4)2 with ellipsoids shown at 50% probability.
Hydrogen atoms and counteranions are omitted for clarity.
Unlike [Cu2(5)(NCMe)2]
2+, the tetrahydroxy-salt [Cu2(6H4)(NCMe)2](BAr
F24
4)2 displays a
complex 1H NMR spectrum indicative of an asymmetric structure, both in MeCN and in CD2Cl2
solutions.  The indicated asymmetric structure is attributed to intramolecular hydrogen-bonding.
Consistent with this view, the 1H NMR spectrum (CD2Cl2, –55 °C) exhibits four equally intense
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but broad singlets in the range of ! ~10-15, assigned to the four nonequivalent pyridone groups
(Figure 2.7).42  At 70 °C however CD3CN solutions display a simplified 
1H NMR spectrum
(Figure 2.8).  Consistent with its higher symmetry, the MeCN adduct features a singlet assigned
to OH at ! 6.7 which decreases in intensity upon addition of D2O.
Figure 2.7.  1H NMR spectrum of a CD2Cl2 solution of [Cu2(6H4)(NCMe)2](BAr
F24
4)2 acquired at –55 ºC
displaying the high field region.
Figure 2.8.  1H NMR spectra acquired for a CD3CN solution of [Cu2(6H4)(NCMe)2](BAr
F24
4)2 at 25!ºC (top)
and 70 ºC (bottom).
An attempt to symmetrize the complex was made by introducing a ligand with greater
affinity than MeCN for the diCu(I) complex.  Treatment of a CH2Cl2 solution of
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[Cu2(6H4)(NCMe)2](BAr
F24
4)2  with CO afforded the dicarbonyl derivative
[Cu2(6H4)(CO)2](BAr
F24
4)2 (!CO = 2104 cm
-1, eq 2.1), which was also found to be of high
symmetry by 1H NMR spectroscopy (Figure 2.9). Consistent with the higher symmetry of the
CO adduct, a signal assigned to OH was observed as a singlet at " 8.4.
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Figure 2.9.  1H NMR spectra acquired for a CD2Cl2 solution of [Cu2(6H4)(NCMe)2](BAr
F24
4)2 before (top) and
after treatment with CO (bottom).  Small signals corresponding to an unidentified impurity could not be
separated, even after multiple recrystallizations.
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2.4 Oxygenation of Cu(I) Complexes
As reported for [Cu(tripic)(NCMe)]+, the methoxy functionalized complex
[Cu(2Me)(NCMe)]+ is unreactive toward O2.  In contrast, solutions of [Cu(2H)(NCMe)]PF6
oxidized upon exposure to oxygen, especially in the presence of bases such as 2,6-lutidine.
Cyclic voltammetric measurements on a CH2Cl2 solution of [Cu(2H)(NCMe)]
+ displayed an
irreversible oxidation wave with Epa = +1.04 V (vs Fc
0/+ where Fc = ferrocene).  Although the
PF6
– salt of the green oxidized product was poorly soluble in common solvents, the
corresponding BArF244
– salt was soluble.  Positive-ion ESI-MS analysis of this material suggested
the complex has the formula [Cu2(2)2]
+.
The structure of the mixed valence complex [Cu2(2)2]BAr
F24
4 was determined by X-ray
crystallography.  Each Cu1.5 center is enveloped in the N3 pocket of the tripyridine ligand but is
linked to a second complex via the pyridonate oxygen centers (Figure 2.10). The cationic
complex has C2h symmetry with a short Cu–Cu distance of 2.458(1) Å, comparable to the Cu–Cu
distance found in the CuA site of cytochrome oxidase (~2.5 Å).
43,44  Each Cu atom rests in a
trigonal bipyramidal coordination sphere, with each pyridonate ligand occupying an apical
position.  The Cu(1)–Cu(2)–N(4) angle is 86.8(2)º, slightly distorted from the idealized 90° in a
trigonal bipyramidal geometry. The trigonal bipyramidal geometry of Cu in [Cu2(2)2]
+ is
reminiscent of the geometry found for the (Cu1.5)2 center in an octaaza-cryptand complex.
45
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The magnetic moment for [Cu2(2)2]
+ was determined to be µeff = 1.85 BM, corresponding
to indicated S = !.  EPR spectra at 77 K display a seven-line pattern, as expected for a type III
Cu(1.5)Cu(1.5) complex where the unpaired electron is delocalized over the two I = 3/2 centers
Figure 2.10.  Top: Molecular structure of the cation in [Cu2(2)2]BAr
F24
4 with ellipsoids shown at 50%
probability.  The counteranion and hydrogen atoms have been omitted for clarity.  Bottom Left: View down
the Cu2–Cu1 bond vector with carbon atoms omitted.  Bottom Right:  View down the N1,O1–Cu1,Cu2
vector with carbon atoms omitted.
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(Figure 2.11).  In fluid solution at 298 K, the seven-line pattern remains discernable and was
simulated with giso = 2.137 and ACu = –159 MHz.
Figure 2.11.  Experimental (red) and simulated (black) X-band EPR spectra (top = 77 K, bottom = 298 K) for
[Cu2(2)2]BAr
F24
4 in CH2Cl2:toluene (1:1).  Simulation parameters for 77 K: g = 2.002, 2.185, and 2.214, ACu =
56.3, –195, –344, 92.0, 1.0, and –92.0 MHz; 298 K: g = 2.137, ACu = –159 MHz.
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In addition to absorptions at 460 and 655 nm, the UV-vis spectrum of [Cu2(2)2]BAr
F24
4
features a strong absorption at 1040 nm (!" = 1160).  Such intense bands are characteristic of
intervalence charge transfer and are observed in other mixed-valence Cu dimers.46,47 The
symmetry, short Cu–Cu distance, intervalence charge transfer band, and seven-line EPR signal
indicate that [Cu2(2)2]BAr
F24
4 is a type III mixed-valence dimer.
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Electrochemical measurements revealed that [Cu2(2)2]BAr
F24
4 can be oxidized and
reduced, but only at fairly extreme potentials.  Cyclic voltammetry of a CH2Cl2 solution of the
salt exhibits a reversible 1e– reduction at –1.03 V (ipa/ipc = 0.88), whereas 1e
– oxidation of the
dimer occurs irreversibly at +0.99 V (all potentials vs Fc0/+ in CH2Cl2) (Figure 2.12).
Figure 2.12.  Cyclic voltammogram for [Cu2(2)2]BAr
F24
4 acquired in CH2Cl2 solution displaying a reversible
Cu2
3+/2+ couple (–1.03 V) along with an irreversible oxidation wave at +0.99 V.
Solutions of [Cu2(2)2]
+ containing H(OEt2)2BAr
F24
4, however, are efficiently reduced by
decamethylferrocene (–0.59 V,49 eq 2.2, Figure 2.13).
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Figure 2.13.  Top: 1H NMR spectrum of [Cu2(2)2]BAr
F24
4 in CD2Cl2.  Bottom: 
1H NMR spectrum of
[Cu(2)(NCMe)2](BAr
F24
4)2 in CD2Cl2 after the addition of Fc* and HBAr
F24
4·2Et2O to [Cu2(2)2]BAr
F24
4.
Solutions of the dicopper tetrahydroxy species [Cu2(6H4)(NCMe)2](BAr
F24
4)2 also react
readily with O2.  EPR spectra for [Cu2(6H2)]BAr
F24
4 and [Cu2(2-H)2]BAr
F24
4 closely match.
Crystallographic analysis of the blue oxidation product revealed that [Cu2(6H2)]
+ has idealized
C2-symmetry (Figure 2.14).  The structure of [Cu2(6H2)]
+ is similar to that of [Cu2(2)2]
+, having a
Cu—Cu distance of 2.4939(5) Å.  The mixed valence Cu dimer is additionally stabilized by
hydrogen-bonding between a hydroxypyridyl group and the coordinated O-center of the
pyridonate ligands (dO1–O4 = 2.591(3) Å).  Because of this intramolecular hydrogen-bonding, the
Cu centers are enveloped in a cryptand-like cage.  Structural perturbations imposed by the
ethylene bridge in [Cu2(2)2]BAr
F24
4 distort the idealized trigonal bipyramidal geometry at Cu
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from that observed in [Cu2(2)2]
+.  The resulting coordination sphere of each Cu center is nearly
square pyramidal.
Figure 2.14.  Top: Molecular structure of the cation in [Cu2(6H2)]BAr
F24
4 with ellipsoids shown at 50%
probability.  The counteranion and hydrogen atoms have been omitted for clarity.  Bottom: View down the
Cu2-Cu1 bond vector with carbon atoms omitted.
The UV-vis spectrum of the intensely blue solution of [Cu2(6H2)]BAr
F24
4 displays an
intervalence charge transfer absorption at 1100 nm (!M = 1810, 1,2-dichloroethane), which is
red-shifted vs that of [Cu2(2)2]BAr
F24
4.   Additional absorptions are observed at 493, 591 and 845
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nm (!M = 994, 938, and 1510, respectively) (Figure 2.15).  The absorption at 845 nm possibly
corresponds to a barely discernable shoulder observed in the intervalence charge transfer band
for [Cu2(2)2]BAr
F24
4.
Figure 2.15. UV-vis-NIR spectrum of [Cu2(6H2)]BAr
F24
4 acquired in dichloroethane.
Cyclic voltammograms for the [Cu2(6H2)]
+ cation feature a reversible one-electron couple
at –0.56 V (ipa/ipc = 0.99) (all potentials vs Fc
0/+ in CH2Cl2) along with an irreversible oxidation at
+0.99 V, the latter being identical to the irreversible oxidation waves observed for both
[Cu2(2)2]
+ and [Cu(2H)(NCMe)]+ (Figure 2.16).
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Figure 2.16.  Cyclic voltammogram for [Cu2(6H2)]BAr
F24
4 acquired in CH2Cl2 solution displaying a reversible
Cu2
3+/2+ couple (–0.56 V) along with an irreversible oxidation wave at +0.99 V.
The EPR signals for [Cu2(6H2)]BAr
F24
4 and [Cu2(2)2]BAr
F24
4 were found to have similar
g-factors to those of Lippard’s diamine- and naphthyridine-ligated mixed-valence Cu dimers50-52
and Tolman’s carboxylate bridged diCu1.5 complexes.53  Electrochemically, a large difference in
E! (!E! = 0.41 V vs Fc
0/+) was observed between the two Cu1.5 dimers.  A lower reduction
potential is observed for [Cu2(6H2)]BAr
F24
4, perhaps indicating that the more constrained ligand
in 6 destabilizes the mixed valence derivative.  By virtue of its milder redox couple (–0.56 V)
[Cu2(6H2)]
+ more strongly resembles the couple for the binuclear CuA site (–0.39 V vs Fc
0/+, pH =
8).54
The methoxy-substituted complex [Cu2(5)(MeCN)2]BAr
F24
4 was found to reversibly bind
dioxygen.  Binding is indicated by a change from the colorless dicuprous species to purple upon
introducing 1 atm of O2.  The 
1H NMR spectrum of the adduct is consistent with a highly
symmetric diamagnetic product (Figure 2.17) presumably containing a µ-"2:"2-O2 ligand.  At
0.4!atm O2 (293 K), the equilibrium constant, KO2, for the binding of O2 by [Cu2(5)(MeCN)2]
2+
was found to be 0.012 M.  For comparison, [Cu2(bistripic)(NCMe)2]
2+ has a larger binding
affinity for O2 indicated by complete conversion to the µ-"
2:"2-O2 complex at 298 K.  The
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oxygenation of [Cu2(5)(MeCN)2]
+ is fully reversible, in contrast to the behavior of the
dicopper(I) adducts of the hydroxylated ligands.
Figure 2.17.  1H NMR spectrum of a CD2Cl2 solution of [Cu2(5)(MeCN)2](BAr
F20
4)2 (CD2Cl2, 296 K) under
0.4!atm of O2.  Signals assigned to the dioxygen adduct are indicated with *.
2.5 Carbonylation and Deprotonation of Cu(I) Complexes
Although substitution of a methyl for hydroxyl does not affect the affinity of the Cu(I)
centers for CO, deprotonation of the hydroxyl group has dramatic effects.  In CH2Cl2 solution,
[Cu(2H)(CO)]+ exhibits a !CO of 2094 cm
-1 (2088 cm-1 in THF), similar to [("3-tpa)Cu(CO)]+ (!CO
= 2091, 2074(sh) cm-1) and [("3-tripic)Cu(CO)]+ (!CO = 2090 cm
-1).21,55  Addition of one equiv of
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NEt3 (pKa
MeCN = 18)56 to a colorless CH2Cl2 solution of [Cu(2H)(CO)]
+ gave a light-yellow
derivative and !CO decreased almost 20 cm
-1 to 2076 cm-1.  For comparison, single deprotonation
of [Rh(CO)2(3,3’-dihydroxyl-2,2’-bipy)]
+ shifts !CO from 2108 and 2052 to 2072!and
2002!cm–1.57,58  Curiously, tetramethylguanidine (TMG, pKa
MeCN = 23)59 produced the half-
deprotonated derivative H[Cu(2)(CO)]2
+ (Figure 2.18). Hydrogen-bonding between the conjugate
acid (HTMG) and [Cu(2)CO)] is proposed to retain the neutral Cu product in solution (see
below).
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Figure 2.18.  IR spectra for the deprotonation of [Cu(2H)(CO)]BArF244 with TMG in CH2Cl2 solution. Black =
0 equiv TMG, red = 0.25 equiv TMG, blue = 0.5 equiv TMG, pink = 1 equiv TMG.
Deprotonation of [Cu(2H)(CO)]BArF244 with potassium hexamethyldisilazide (KHMDS,
pKa
THF of H(HMDS) = 26)60 led to precipitation of neutral Cu(2)(CO) (!CO = 2062 cm
-1) as an off-
white solid (Figure 2.19).  Addition of HBArF244·2Et2O reversed this process (eq 2.3).
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Figure 2.19.  IR spectra before and after deprotonation of [Cu(2H)(CO)]+ with KHMDS (black =
[Cu(2H)(CO)]+, red = Cu(2)(CO)).  The lower intensity of the red band is attributed to the lower solubility of
Cu(2)(CO).
Deprotonation of [Cu(2H)(NCMe)]+ also gave encouraging results potentially relevant to
[Cu2(2)2]
+. Addition of KHMDS (one equiv) to a THF solution of [Cu(2H)(NCMe)]+ resulted in
the immediate precipitation of a brick-red solid.  Unlike Cu(2)(CO), this species was CH2Cl2-
soluble.  NMR spectra showed that this red compound is a MeCN-free, symmetrical species.  Its
cyclic voltammogram in CH2Cl2 displayed a reversible couple at –1.05 V vs Fc
0/+ (ipc/ipa = 0.98),
identical to the Cu2
3+/2+ couple of [Cu2(2)2]
+. It is therefore proposed that this new compound is
the dimer Cu2(2)2, structurally related to [Cu2(2)2]
+, but lacking the Cu—Cu bond. An analogous
pyridonate-bridged CuI dimer has been reported by Zhang and coworkers.61
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Consistent with the electrochemical measurements, Cu2(2)2 underwent one-electron
oxidation by [Fc]+ (Figure 2.20).  In CH2Cl2 solution, Cu2(2)2 reacts with CO to give Cu(2)(CO).
In MeCN solution, protonation of Cu2(2)2 efficiently gave [Cu(2H)(NCMe)]
+ (Scheme 2.4).
Figure 2.20.  UV-Vis data of Cu2(2)2 before (red) and after (green) the addition of 1 equiv of [Fc]BAr
F24
4
(CH2Cl2 solution).
Scheme 2.4.  Reactions observed for Cu2(2)2.
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2.6 Conclusions
A new family of pyridone-based tridentate and hexadentate ligands was developed by
capitalizing on the dilithiated derivative of 6-methyl-2-pyridone.  In this way, families of ligands
were generated in which the fourth coordination site is protected by methyl groups or flanked by
methoxy or hydroxy groups, or in one case, a chiral tripod with methyl, methoxy, and hydroxy
substituents.  The corresponding binucleating derivatives were also prepared.  Generally, the
methoxy substituents exert little influence but the hydroxy groups affect the behavior of the
copper centers by facilitating their oxidation to bimetallic derivatives.
The enhanced O2 reactivity observed for [Cu(2H)(NCMe)]
+ and [Cu2(6H4)(NCMe)2]
2+
compared with that of non-hydroxyl derivatives illustrates the profound influence of the
hydroxyl functionality.  The tendency of these pyridones to stabilize binuclear derivatives gives
rise to robust, mixed valence derivatives.  Pyridonate ligands are well known for their ability to
bridge pairs of metals.62-64  Borovik and coworkers have generated a related square planar type III
diCu1.5 dimer of urea-derived ligands.65 The fate of the reduced dioxygen is also unknown.
Despite the highly negative value of the reduction potential for [Cu2(2)2]
+, reduction is
readily accomplished by weak reductants in the presence of acids.  A reversible one-electron
reduction observed for [Cu2(2)2]
+ hinted at the mechanism of [Cu2(2)2]
+ formation to occur
through the oxidation of a dimeric CuI complex.  The modulation of a complex’s oxidation
potential via deprotonation of a coordinated ligand has been studied for many Fe and Ru
complexes containing N-heterocyclic ligands.67-74  For example, Carina and coworkers have
demonstrated that deprotonation of a FeII–tetraimidazolyl dication with four equiv of base shifts
the oxidation potential of the FeII/III couple negative by 1.38 V.74  Deprotonation of
[Cu(2H)(NCMe)]+ was found to afford a CuICuI dimer, Cu2(2)2, which can be oxidized by [Fc]
+
to afford [Cu2(2)2]
+, providing the final link between the neutral dimer, mixed valence dimer, and
monocopper species (Scheme 2.5).  In light of this data, it is proposed that the oxidation of
[Cu(2H)(NCMe)]+ by O2 proceeds via initial deprotonation of [Cu(2H)(NCMe)]
+.
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Scheme 2.5.  A step-wise cycle for the conversion of [Cu(2H)(NCMe)]BArF244 to the mixed valence dimer,
[Cu2(2)2]BAr
F24
4, which can be subsequently reduced to regenerate [Cu(2H)(NCMe)]BAr
F24
4.
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2.7 Experimental
All manipulations were performed under an Ar atmosphere using standard Schlenk
techniques, unless otherwise noted.  Reagents were purchased from Sigma-Aldrich and Matrix
Scientific.  Solvents were HPLC-grade and dried by filtration through activated alumina or
distilled under nitrogen over an appropriate drying agent.  ZnCl2 was dried by refluxing the solid
in SOCl2.  [Cu(NCMe)4]BAr
Fn
4 (n = 20 or 24) was prepared according to literature.
75  All other
commercial reagents were used as received without further purification.  1H NMR spectra were
acquired using a Varian 500 spectrometer.  1H NMR signals are quoted in ppm (!) referenced to
the residual solvent signal.76  FT-IR spectra were recorded on a Perkin Elmer Spectrum 100 FT-
IR spectrometer.  Chromatography was conducted with Siliaflash® P60 from Silicycle (230-400
mesh).  UV-vis spectra were acquired on either a Cary Bio 50 UV-Vis or Cary 5000 UV-Vis-
NIR spectrophotometer.  Electrochemical data were collected using either a BAS CV-50W and
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CH Instruments 600D potentiostats.  Cyclic voltammetry was conducted under an inert
atmosphere in CH2Cl2 solution using [TBA]BAr
F24
4 (0.1 M) as the electrolyte, iR compensation,
a glassy carbon electrode (diameter = 1 cm), a Ag wire quasi-reference electrode, and a Pt
counter electrode.  Redox couples are referenced vs internal Fc+/0.
(6-Picolinyl)(6-pyridonyl)methane (1).  A hexanes solution of n-BuLi (50.4 mL, 1.6 M) was
added to a suspension of 2-hydroxy-6-methylpyridine (4.0 g, 37 mmol) in 40!mL of THF at 0 °C.
The resulting red-orange solution was stirred at room temperature for 1 h, followed by the
addition of a 50 mL of a THF solution of ZnCl2 (11.0 g, 81!mmol) at 0 °C (An attempt to
synthesize 1 in the absence of the transmetallating agent ZnCl2 resulted in no conversion).  The
yellow mixture was allowed to warm to room temperature and then stirred for 1 h.  The yellow
mixture was treated with PdCl2(dppf) (0.27 g, 0.37 mmol) (dppf = 1,1’-
bis(diphenylphosphino)ferrocene) and 2-bromo-6-methylpyridine (4.6 mL, 40 mmol).  After
heating under reflux for 15 h, the reaction mixture was cooled to room temperature, and the THF
was removed under vacuum.  CH2Cl2 (100 mL) was added to the remaining yellow residue,
followed by the addition of 25 mL aqueous solutions of Na2S
.9H2O (9.7 g) and NaOH (1.6 g).
After 1 h of stirring, the frothy mixture was filtered and the remaining solid was washed with 50
mL of CH2Cl2.  The filtrate layers were separated and the aqueous layer was extracted with
CH2Cl2 (2 !  50 mL).  The combined organic layers were dried over MgSO4 and filtered.
Concentration of the filtrate under vacuum afforded a light brown solid.  Dissolution of the solid
in a minimal quantity of CH2Cl2, followed by the addition of hexanes (ca.!100!mL) afforded a
light tan precipitate.  Filtration of the suspension afforded 1 as a light tan solid.  Yield: 3.0 g
(41%).  Note: Additional 1 can be isolated through acidification of the aqueous portion of the
filtrate during work-up, however this requires separation from unreacted 2-hydroxy-6-
methylpyridine.  1H NMR (500 MHz, CDCl3): "!2.59 (s, 3H), 3.92 (s, 2H), 6.06 (d, J = 7.0 Hz,
1H), 6.41 (d, J = 9.2 Hz, 1H), 7.07 (pt, J = 7.3 Hz, 2H), 7.32 (dd, J = 6.8, 9.2 Hz), 7.54 (pt, J =
7.7 Hz, 1H), 11.20 (br s, 1H). Anal. Calcd for C12H12N2O (found):  C, 71.98 (71.28); H, 6.04
(5.95); N, 13.99 (13.78).
Bis(2-methylpyrid-6-yl)(2-pyridon-6-yl)methane (2H).  A suspension of 1 (1.0!g, 5.0 mmol) in
25 mL of THF was cooled in an ice bath to 0 °C.  Addition of a hexanes solution of n-
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butyllithium (3.1 mL, 1.6 M) afforded a dark red mixture, which was warmed to room
temperature and stirred for 1 h.  2-Bromo-6-methylpyridine (0.63!mL, 5.5 mmol) and Pd(PPh3)4
(58 mg, 0.05 mmol) were added to the mixture, which was then heated at reflux for 15 h.  The
dark mixture was cooled to room temperature and the solvent was removed under vacuum.  The
remaining dark residue was extracted into a mixture of 30 mL of CH2Cl2 and 30 mL of H2O.  The
layers were separated and the aqueous phase was extracted with CH2Cl2 (2 !  30 mL).  The
combined organic layers were dried over MgSO4, filtered, and concentrated under vacuum to
afford a light brown solid.  Dissolution of the light brown solid in a minimum portion of CH2Cl2,
followed by the addition of hexanes (ca. 100 mL) afforded an off-white precipitate.  Filtration of
the suspension afforded the desired product as an off-white solid.  The solid can be further
purified by column chromatography using silica stationary phase and EtOAc:MeOH (10:1) as an
eluent.  Yield: 0.93 g (64 %).  1H NMR (500 MHz, CDCl3): " 2.57 (s, 6H), 5.33 (s, 1H), 6.23 (d,
J = 6.7 Hz, 1H), 6.43 (d, J = 9.3 Hz, 1H), 7.04 (d, J = 7.8 Hz, 2H), 7.26 (d, J = 7.8 Hz, 2H), 7.30
(ddd, J = 0.5, 6.9, 9.3 Hz, 1H), 7.53 (t, J = 7.8 Hz, 2H), 11.72 (br s, 1H). Anal. Calcd for
C18H17N3O (found):  C, 74.20 (74.26); H, 5.88 (5.89); N, 14.42 (14.37).  ESI-MS (MeOH, 25 ºC):
m/z 292 [M+H]+.  mp: 201 ºC.  Single crystals were obtained by cooling an EtOAc solution to
–35 ºC.
(±)-(2-Methoxypyrid-6-yl)(2-methylpyrid-6-yl)(2-pyridon-6-yl)methane (3). This compound
was synthesized following the procedures outlined for 3, using 2-bromo-6-methoxypyridine in
place of 2-bromo-6-methylpyridine.  A quantity of 1.35 g of 1 yielded 0.92 g (45%) of 3.  1H
NMR (500 MHz, CDCl3): " 2.57 (s, 6H), 5.34 (s, 1H), 6.23 (d, J = 7.0 Hz), 6.42 (dd, J = 0.8, 9.2
Hz, 1H), 7.04 (d, 7.8 Hz, 1H), 7.26 (d, 7.7 Hz, 2H), 7.30 (dd, J = 6.7, 9.2 Hz, 2H), 7.53 (t, J =
7.8 Hz, 2H), 11.73 (br s, 1H).  Anal. Calcd for C18H17N3O2 (found): C, 70.34 (70.10); H, 5.58
(5.48); N, 13.67 (13.38).  ESI-MS (MeOH, 25 ºC): m/z 308 [M+H]+.
[Cu(2H)(NCMe)]PF6.  A solution of [Cu(NCMe)4]PF6 (192 mg, 0.5 mmol) in 5 mL MeCN was
treated with a 5 mL of MeCN solution of 2H (150 mg, 0.5 mmol) to afford a yellow solution.
The solution was stirred for 1 h, followed by the dilution with 40 mL of Et2O to afford a light-
yellow precipitate.  Solvent was removed via filter cannula, and the remaining yellow solid was
washed with two 20-mL portions of Et2O and stored under vacuum. Yield: 211 mg (78%).  
1H
48
NMR (500 MHz, CD2Cl2): ! 2.44 (s, 3H), 2.76 (s,!6H), 5.61 (s, 1H), 6.66 (s, 1H), 6.82 (d, J = 8.3
Hz, 1H), 7.24 (d, J = 7.7 Hz, 2H), 7.28 (d, J = 7.4 Hz, 1H), 7.50 (d, J = 7.7 Hz, 2H), 7.68-7.76
(m, 3H). ESI-MS (MeCN, 25 ºC): m/z 395 [M]+. Although the resolution was not suitable for
publication, preliminary crystallographic data for single crystals of [Cu(2H)(NCMe)]PF6 (grown
from layering a MeCN solution of [Cu(2H)(NCMe)]PF6 with Et2O) clearly displayed
coordination of the Cu center to the picoline and pyridone group N-atoms of 2H with MeCN
occupying the fourth coordination site.
[Cu(2H)(NCMe)]BArF244.  A 3 mL CH2Cl2 solution of 2H (100 mg, 0.34 mmol) was treated
with a 5 mL CH2Cl2 solution of [Cu(NCMe)4]BAr
F24
4 (311 mg, 0.34 mmol).  The resulting light-
yellow solution was stirred for 1 h, followed by the addition of 25 mL of hexanes to afford a
colorless precipitate.  The precipitate was isolated by filtration.  The colorless solid was washed
with hexanes (2 " 5 mL) and dried under vacuum.  Yield: 310 mg (85%).  1H NMR (500 MHz,
CD2Cl2): ! 2.44 (s, 3H), 2.73, (s, 6H), 5.50 (s, 1H), 6.48 (br s, 1H), 6.81 (d, J = 8.4 Hz, 1H), 7.22
(d, J = 7.6 Hz, 1H), 7.23 (d, J = 8.0 Hz, 2H), 7.42 (d, J = 7.7 Hz, 2H), 7.56 (br s, 4H), 7.67-7.75
(m,!19H).  Anal. Calcd for C52H32N4BCuF24O (found):  C, 49.60 (49.35); H, 2.56 (2.57); N, 4.45
(4.34).  The salt [Cu(2)(NCMe)]BArF204 was prepared analogously.
[Cu(3)(NCMe)]BArF204. This off-white salt was prepared following procedures outlined for
[Cu(2H)(NCMe)]BArF244, from 3 (52 mg, 0.17 mmol) and [Cu(NCMe)4]BAr
F20
4 (154 mg, 0.17
mmol).  Yield: 157 mg (85 %).  1H NMR (500 MHz, CD2Cl2): ! 2.42 (br s, 3H), 2.74 (s, 3H),
3.95 (s, 3H), 5.45 (s, 1H), 6.50 (s, 1H), 6.80 (d,!J!= 8.6 Hz, 1H), 6.82 (d, J = 8.5 Hz, 1H), 7.23
(d, J = 7.8 Hz, 1H), 7.25 (d, J =  8.4 Hz, 1H), 7.41 (d, J = 7.8 Hz, 1H), 7.70 (t, J = 7.8 Hz, 1H),
7.72 (t, J = 7.8 Hz, 1H), 7.81 (dd,!J = 7.6, 8.3 Hz, 1H).
Bis(2-methoxy-6-pyridyl)(2-methyl-6-pyridyl)methane (4).  A slurry of Ag2CO3 (904 mg, 3.3
mol) and 2 (746 mg, 2.4 mmol) in 40 mL of CHCl3 was treated with MeI (1.52 mL, 24 mmol).
The mixture was stirred in the absence of light for 48 h.  The resulting tan slurry was filtered
through a ~6-cm pad of Celite, which was rinsed with an additional 50 mL of CHCl3.
Concentration of the dark filtrate afforded a blue oil, which was further purified via elution
through a ca. 7.5-cm plug of silica using EtOAc as the eluent.  Concentration of the first band to
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elute from the plug afforded 4 as a blue oil.  Yield: 550 mg (71 %).  1H NMR (500 MHz,
CDCl3): ! 2.53 (s, 3H), 3.80 (s, 6 H), 5.72 (s,!1H), 6.56 (d, J = 8.3 Hz, 2H), 6.86 (d, J = 7.4 Hz,
2H), 6.99 (d, J = 7.6 Hz, 1H), 7.33!(d, J = 8.0 Hz, 1H), 7.45 (t, J = 7.9 Hz, 2H), 7.49 (t, J = 8.2
Hz, 1H).  Chromatographic separation of 4 from the blue side product was unsuccessful,
although the 1H NMR spectrum of the blue oil showed signals only assignable to 4.  Blue-
colored samples of 4 were used in the subsequent homocoupling reactions.
(2-Methoxypyrid-6-yl)-bis(2-methylpyrid-6-yl)methane (2Me). This compound, isolated as a
yellow oil, was prepared following the procedures for 4 starting with 3 (500 mg).  Yield: 130 mg
(25%).  1H NMR (500 MHz, CDCl3): ! 2.53 (s,!3H), 3.80 (s, 6 H), 5.72 (s, 1H), 6.56 (d, J = 8.3
Hz, 2H), 6.86 (d, J = 7.4 Hz, 2H), 6.99 (d, J = 7.6 Hz, 1H), 7.33 (d, J = 8.0 Hz, 1H), 7.45 (t, J =
7.9 Hz, 2H), 7.49 (t, J = 8.2 Hz, 1H). ESI-MS (MeOH, 25 ºC): m/z 306 [M+H]+.
[Cu(2Me)(NCMe)]PF6. This light-yellow solid was synthesized following the procedures
outlined for [Cu(2H)(NCMe)]PF6 starting with (2-methoxypyrid-6-yl)-bis(2-methylpyrid-6-
yl)methane (130 mg, 0.42 mmol).  Yield: 110 mg (47%).  1H NMR (500!MHz, CD3CN): ! 1.96
(s, 3H), 2.72 (s, 6H), 3.95 (s, 3H), 5.88 (s, 1H), 6.90 (d, J!=!8.6 Hz, 1H), 7.28 (d, J = 7.9 Hz, 2H),
7.37 (d, J = 7.5 Hz, 1H), 7.55 (d, J = 7.8 Hz, 2H), 7.75 (t, J = 7.8 Hz, 2H), 7.87 (t, J = 7.9 Hz,
1H).
Bis[bis(2-methoxy-6-pyridyl)(2-methyl-6-pyridyl)methane] (5).  A flame-dried flask was
charged with 4 (550 mg, 1.7 mmol) followed by 70 mL of THF to afford a blue solution.  To the
blue solution was added t-BuLi (2.1 mL, 1.7 M)  at –78 °C.  Upon completion of the addition,
the resulting dark red solution was warmed to 0 °C and stirred for 1 h.  The red solution was
cooled to –78 °C and slowly treated with 1,2-dibromoethane (0.3 mL, 3.4 mmol).  The solution
was allowed to warm to room temperature and stirred for a further 14 h. Solvent was removed
from the reaction mixture under reduced pressure to afford a dark red residue.  A mixture of
40!mL of CH2Cl2 and 40 mL of H2O was used to dissolve the residue.  The aqueous layer was
further extracted with CH2Cl2 (2 " 40 mL).  The combined organic extracts were dried over
MgSO4, filtered, and concentrated to afford a green oil.  The oil was purified by silica
chromatography using a gradient eluent of 4:1 EtOAc:hexanes to 2:1 EtOAc:hexanes to afford 5
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as a light yellow oil.  Yield: 170 mg (31%).  1H NMR (500 MHz, CDCl3): ! 3.17 (s, 4H), 3.79 (s,
12 H), 5.72 (s, 2H), 6.56 (d, J = 8.2 Hz, 4H), 6.79 (dd, J = 0.9, 7.6 Hz, 2H), 6.85 (d, J = 7.4 Hz,
4H), 7.24 (dd, J!=!0.9, 7.8 Hz, 2H), 7.34 (t, J = 7.7 Hz, 2H), 7.47 (dd, J = 7.4, 8.2 Hz, 4H).
[Cu2(5)(NCMe)2](PF6)2.  Solutions of [Cu(NCMe)4]PF6 (198 mg, 0.53 mmol) and 5 (170 mg,
0.26 mmol), each in 5 mL of MeCN, were combined to afford a yellow solution.  After 1 h of
stirring, 30 mL of Et2O was added to the solution to afford a light-yellow precipitate, which was
washed with two 20-mL portions of Et2O to give a light yellow solid.  Yield: 136 mg (43%).  
1H
NMR (500 MHz, CD3CN): ! 1.96 (s, 6H), 3.45 (s, 4H), 3.90 (s, 12H), 5.73 (s, 2H), 6.85 (d, J =
8.5 Hz, 4H), 7.14 (d, J = 8.0 Hz, 2H), 7.22 (d, J = 6.4 Hz, 4H), 7.42 (d, J = 7.8 Hz, 2H), 7.64 (t, J
= 7.8 Hz, 2H), 7.82 (t, J!=!8.0!Hz, 4H).
[Cu2(5)(NCMe)2](BAr
F24
4)2.  A suspension of [Cu2(5)(NCMe)2]PF6 (100 mg, 0.084 mmol) and
KBArF244 (152 mg, 0.17 mmol) in CH2Cl2 (10 mL) was stirred for 1 h and then filtered via
cannula.  Concentration of the filtrate under reduced pressure afforded a white solid.  The
product was extracted into 5 mL of CH2Cl2 and reprecipitated with hexanes.  Yield: 175 mg
(81%).  Treatment of 5 with [Cu(NCMe)4]BAr
F24
4 afforded the same salt.  
1H NMR (500 MHz,
CD2Cl2): ! 2.16 (s, 6H), 3.54 (s, 4H), 3.87 (s, 12 H), 5.46 (s, 2H), 6.74 (d, J = 8.5 Hz, 4H), 7.02
(dd, J = 1.0, 7.8 Hz, 2H), 7.21 (dd, J!= 0.6, 7.5 Hz, 4H), 7.37 (dd, J = 1.0, 7.8 Hz, 2H), 7.50 (t, J
= 7.8 Hz, 2H), 7.53 (s, 8H), 7.72 (br t, 16H), 7.76 (dd, J = 7.4, 8.4 Hz, 4H).  Anal. Calcd for
C106H66N8B2Cu2F40O4 (found):  C, 49.42 (49.73); H, 2.58 (2.65); N, 4.35 (4.28).
Bis[bis(2-pyridon-6-yl)(2-methylpyrid-6-yl)methane] (6H4). A solution of 5 (420 mg, 0.66
mmol) in 5 mL of HBr (49%) was heated at reflux for 4 h.  After cooling to room temperature,
the tan solution was neutralized by slow addition to a 200!mL of saturated aqueous solution of
NaHCO3.  The aqueous solution was extracted with CH2Cl2 (3 "  100 mL).  The combined
organic extracts were dried over MgSO4, filtered, and concentrated to afford a tan solid.  Yield:
271 mg (71%).  1H NMR (500 MHz, CDCl3): ! 3.31 (s, 4H), 5.30 (s, 2H), 6.01 (d, J = 6.8 Hz,
4H), 6.39 (d, J = 9.2 Hz, 4H), 7.03 (d, J = 8.0 Hz, 2H), 7.18 (dd, J = 0.9, 7.8 Hz, 2H), 7.33 (dd, J
= 6.8, 9.3 Hz, 4H), 7.37 (t, J = 7.7 Hz, 4H), 11.23 (br s, 4H).  ESI-MS (MeOH, 25 ºC): m/z 585
[M+H]+, 607 [M+Na]+.  mp: 230 ºC.
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[Cu2(6H4)(NCMe)2](BAr
F24
4)2.  A 5 mL CH2Cl2 solution of [Cu(NCMe)4]BAr
F24
4 (373 mg, 0.34
mmol) was added to a 5 mL suspension of 6H4 (100 mg, 0.17 mmol) to afford a bright yellow
mixture.  After stirring the solution for 10 min, 30 mL of hexanes was added to precipitate a
yellow oil.  The oil was isolated via decantation and redissolved in 10 mL of CH2Cl2 to afford a
turbid yellow solution, which was filtered.  The filtrate was evaporated to yield a yellow-green
solid.  Yield: 325 mg (76%).  1H NMR (500 MHz, CD3CN, 70 ºC): ! 3.41 (s, 4H), 5.52 (s, 2H),
6.60 (d, J = 8.5 Hz, 4H), 6.75 (br s, 2H), 7.28 (d, J = 7.7 Hz, 2H), 7.43 (d, J = 7.5 Hz, 2H), 7.58
(br t, J = 7.7 Hz, 4H), 7.74 (t, J = 7.7 Hz, 2H).
[Cu2(2)2]PF6.  A solution of [Cu(2H)(NCMe)]PF6 (100 mg, 0.18 mmol) in 5 mL of CH2Cl2 under
an atmosphere of air was treated with 2,6-lutidine (21 µL, 0.18 mmol), resulting in the formation
of a green precipitate.  After 30 min of stirring, the green suspension was filtered, and the solids
were washed with CH2Cl2 (2 x 5 mL).  Yield: 67 mg (85%).  Anal. Calcd for
C36H32N6Cu2F6O2P·0.5CH2Cl2 (found):  C, 48.97 (48.58); H, 3.72 (3.39); N, 9.39 (9.26). ESI-MS
(MeOH, 25 ºC): m/z 706 [M]+.  [Cu2(2)2]BAr
F24
4 could be generated in a similar manner, but
separation of the conjugate acid proved to be difficult.  Single crystals were obtained by slow
evaporation of a MeCN solution of [Cu2(2)2]BAr
F24
4.  UV-vis, [Cu2(2)2]BAr
F24
4,
1,2-dichloroethane, " (#$): 460 (460), 655 (120), 1110 (1810).
[Cu2(6H2)]BAr
F24
4.  A 3 mL CH2Cl2 solution of [Cu2(6H4)(NCMe)2](BAr
F24
4)2 (50!mg, 0.02
mmol) was exposed to air, which resulted in an immediate color change to dark blue.  The dark
blue solution was layered with 3 mL of hexanes and stored at room temperature to afford dark
blue crystals of [Cu2(6H2)]BAr
F24
4.  EPR (CH2Cl2:Toluene [1:1], 77 K): g = 2.012, 2.165, 2.250;
ACu = 30, –164, –361, 72.1, 3.8, –72.6 MHz.  EPR!(CH2Cl2:Toluene [1:1], 298 K): g = 2.144, ACu
= –170 MHz.  UV-vis, 1,2-dichloroethane, " nm (#$): 495 (994), 590 (938), 1040 (1510), 1110
(1810). ESI-MS (CH2Cl2, 25 ºC): m/z 708 [M]
+.
Oxygenation of [Cu2(5)(NCMe)2](BAr
F24
4)2.  A solution of [Cu2(5)(NCMe)2](BAr
F24
4)2 (8.0 mg)
in  ca. 0.75 mL CD2Cl2 in a J. Young NMR tube was saturated with O2, resulting in a purple
solution.  1H NMR data were acquired immediately, as the purple oxygenated species quickly
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reverted back to [Cu2(5)(NCMe)2](BAr
F24
4)2.  Prolonged oxygenations resulted in the formation
of a green 1H NMR silent products.  1H NMR (500 MHz, CD2Cl2): ! 3.80 (s, 4H), 4.04 (s, 12 H),
5.59 (s, 2H), 6.83 (d, J = 8.5 Hz, 4H), 7.27 (d, J = 7.4 Hz, 2H), 7.42 (d, J = 7.7 Hz, 4H), 7.59 (d,
J = 7.6 Hz, 2H), 7.53 (s, 8H), 7.72 (br t, 16H), 7.83-7.89 (m, 6H).
Deprotonation of [Cu(2H)(CO)]BArF244 with NEt3 or TMG.  A solution of
[Cu(2H)(CO)]BArF244 in 10 mL of CH2Cl2 was generated by carbonylation of a solution of 30 mg
(0.024 mmol) of [Cu(2H)(CO)]BArF244 for approximately one min.  Varying equiv of NEt3 or
TMG were added from stock CH2Cl2 solutions followed immediately by recording IR spectra.
Cu(2)(CO).  A solution of [Cu(2H)(CO)]BArF204 in 5 mL of THF was generated in situ by
carbonylation of 100 mg (0.093 mmol) of the MeCN complex.  Formation of
[Cu(2H)(CO)]BArF204 was verified by IR spectroscopy ("CO =  2088 cm
-1).  The solution was
titrated with a 0.05 M THF solution of KHMDS, monitoring IR spectra in the CO region.  Upon
adding a total of one equiv KHMDS (2 mL, 0.05 M THF solution) a colorless solid precipitated.
The resulting suspension was filtered and the isolated colorless solids were washed with THF (2
#  3 mL) and dried under vacuum.  Yield: 26!mg (73 %).  The addition of one equiv
HBArF244·2Et2O to a THF suspension of Cu(2)(CO) resulted in the regeneration of
[Cu(2H)(CO)]BArF244, as indicated by IR spectroscopy ("CO!=!2088 cm
-1).
Cu2(2)2.  A THF solution of [Cu(2H)(NCMe)]PF6 (5 mL, 0.056 M) was treated with a THF
solution of KHMDS (5.5 mL, 0.05 M), immediately resulting in the evolution of a red
precipitate.  After 30 min of stirring, the red mixture was concentrated to afford a dark residue.
The residue was extracted with CH2Cl2 (3 # 5 mL) and the combined extracts were concentrated
to ca. 5 mL.  Addition of 20 mL hexanes to the red-orange CH2Cl2 solution afforded a red-orange
precipitate.  The suspension was filtered and the red-orange solids were washed with hexanes (3
# 5 mL) and dried under vacuum.  Yield: 42 mg (42 %).  1H NMR (500 MHz, CD2Cl2): ! 2.44 (s,
6H), 5.37 (s, 1H), 6.44 (s, 2H), 7.01 (s, 2H), 7.22 (s, 1H), 7.30 (s, 2H), 7.56 (s, 2H). Anal. Calcd
for C36H32N6Cu2O2·0.8CH2Cl2 (found):  C, 56.98 (56.89); H, 4.37 (4.14); N, 10.83 (10.90).
Cyclic voltammetry (CH2Cl2, NBu4BAr
F24
4): E1/2 = –1.03 V (ipa/ipc = 0.99), +0.97 V (irreversible)
at 50 mV/s.
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Dimethyl-bis[bis(2-methoxypyrid-6-yl)(2-methylpyrid-6-yl)methane] (7).  A THF solution of
5 (20 mL, 0.025 M) was treated with 0.65 mL n-BuLi (1.6 M in hexanes) at –78 °C to afford a
dark red solution.  The solution was stirred at room temperature for 30 min, followed by the
addition of MeI (65 mL, 1.05 mmol) at –78 °C.  The resulting solution was warmed to room
temperature and stirred for 14 h.  Concentration of the solution under vacuum afforded a residue
that was extracted into a mixture of 25 mL of CH2Cl2 and 25 mL H2O.  The layers were
separated and the aqueous layer was extracted with additional portions of CH2Cl2 (2 ! 25 mL).
The combined CH2Cl2 extracts were dried over MgSO4, filtered, and concentrated to afford a
yellow oil (290 mg, 87 %).  1H NMR (500 MHz, CDCl3): " 2.28 (s, 6H), 3.13 (s, 4H), 3.72 (s,
12H), 6.52 (d, J = 7.5 Hz, 4H), 6.54 (d, J = 8.3 Hz, 4H), 6.71 (d, J = 8.7 Hz, 2H), 6.73 (d, J = 8.3
Hz, 2H), 7.28 (t, J = 7.8 Hz, 2H), 7.41 (t, J = 7.9 Hz, 4H).
Dimethyl-bis[bis(2-pyridon-6-yl)(2-methylpyrid-6-yl)methane] (7H4). This light-yellow solid
was synthesized following the procedures outlined for [Cu(3)(NCMe)]PF6 starting with 7 (270
mg, 0.4 mmol).  Yield: 110 mg (45%).  1H NMR (500 MHz, CDCl3): " 2.10 (s, 6H), 3.47 (s, 4H),
6.01 (br s, 4H), 6.30 (d, J = 9.1 Hz, 4H), 7.00 (d, J = 7.8 Hz, 2H), 7.30 (dd, J = 7.1, 9.2 Hz, 4H),
7.34 (d, J = 7.8 Hz, 2H), 7.49 (t, J = 7.8 Hz, 2H), 11.35 (br s, 4H).
Evans method for [Cu2(2)]BAr
F24
4.
Sample preparation:  [Cu2(2)]BAr
F24
4 (1.6 mg) was added to a J. Young NMR tube containing a
CH2Cl2 capillary.  CD2Cl2 (0.68 mL) was added to the NMR tube to the sample to afford a green
solution.  The difference between the CDHCl2 signal and CH2Cl2 signal was found to be 4.6 Hz.
Calculation:
! 
"M =
#$
2($ spec )(c)
=
4.6 Hz
2(5 %108  Hz)(0.0015 M)
=1.46 %10&3  M&1
! 
µ
EFF
= 8("M)(T) = 8(1.46 #10
$3
 M)(293 K) =1.85 BM
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Calculation of KO2 for [Cu2(5)(O2)]
2+.
Sample preparation:  Dry, degassed CD2Cl2 (1.0 mL) was added to a J. Young NMR tube
containing [Cu2(5)(NCMe)2](BAr
F20
4)2 (approx. 5 mg) and hexamethylbenzene (1.0 mg, 0.006
mmol, internal standard) to afford a yellow solution.  The solution was cooled to –78 ºC and the
headspace of the NMR tube was evacuated to ~15 mTorr on a high-vacuum Schlenk line
equipped with a manometer.  The solvent level remained constant during the headspace
evacuation.  After closing the cap on the NMR tube (now under static vacuum), the evacuated
Schlenk line was filled with a static pressure of O2 gas.  Opening the J. Young tube’s cap
resulted in a decrease on the manometer of 0.5 cm.  The NMR tube’s cap was sealed and the
solution was warmed to room temperature, concomitant with the solution’s color changing to
purple.  The sample was analyzed in a 500 MHz NMR spectrometer held at a temperature of
20!ºC.  The concentration of species in solution were determined relative to the concentration of
the internal standard.
Calculation of concentration of O2 in solution:  This calculation was performed using a method
previously reported by our group.77
Ostwald equation: x = mole fraction O2, PO2 = 44 kPa (measured using manometer), L = Ostwald
coefficient (0.257 for O2 in CH2Cl2), vº(l) = molar volume of solvent.
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EPR data for [Cu2(6H2)]BAr
F24
4.
Figure 2.21. Experimental (red) and simulated (black) X-band EPR spectra (top = 77!K, bottom = 298 K) for
[Cu2(6H2)]BAr
F24
4 in CH2Cl2:toluene (1:1).  Simulation parameters for 77 K: g = 2.012, 2.165, and 2.250, ACu =
30, –165, –361, 72.1, 3.8, and –72.6 MHz; 298 K: g = 2.142, ACu = –169 MHz.
56
2.8 References
(1) Collman, J. P.; Boulatov, R.; Sunderland, C. J.; Fu, L. "Functional Analogues of
Cytochrome c Oxidase, Myoglobin, and Hemoglobin." Chem. Rev. 2003, 104, 561-588.
(2) Kim, E.; Chufan, E. E.; Kamaraj, K.; Karlin, K. D. "Synthetic Models for Heme-Copper
Oxidases." Chem. Rev. 2004, 104, 1077-1133.
(3) Thorum, M. S.; Yadav, J.; Gewirth, A. A. "Oxygen Reduction Activity of a Copper
Complex of 3,5-Diamino-1,2,4-triazole Supported on Carbon Black." Angew. Chem., Int.
Ed. 2009, 48, 165-167.
(4) Thorseth, M. A.; Letko, C. S.; Rauchfuss, T. B.; Gewirth, A. A. "Dioxygen and
Hydrogen Peroxide Reduction with Hemocyanin Model Complexes." Inorg. Chem. 2011,
50, 6158-6162.
(5) Chaudhuri, P.; Hess, M.; Weyhermuller, T.; Wieghardt, K. "Aerobic Oxidation of
Primary Alcohols by a New Mononuclear CuII-radical Catalyst." Angew. Chem., Int. Ed.
1999, 38, 1095-1098.
(6) Shook, R. L.; Peterson, S. M.; Greaves, J.; Moore, C.; Rheingold, A. L.; Borovik, A. S.
"Catalytic Reduction of Dioxygen to Water with a Monomeric Manganese Complex at
Room Temperature." J. Am. Chem. Soc. 2011, 133, 5810-5817.
(7) McCrory, C. C. L.; Devadoss, A.; Ottenwaelder, X.; Lowe, R. D.; Stack, T. D. P.;
Chidsey, C. E. D. "Electrocatalytic O2 Reduction by Covalently Immobilized
Mononuclear Copper(I) Complexes: Evidence for a Binuclear Cu2O2 Intermediate." J.
Am. Chem. Soc. 2011, 133, 3696-3699.
(8) McCrory, C. C. L.; Ottenwaelder, X.; Stack, T. D. P.; Chidsey, C. E. D. "Kinetic and
Mechanistic Studies of the Electrocatalytic Reduction of O2 to H2O with Mononuclear Cu
Complexes of Substituted 1,10-Phenanthrolines." J. Phys. Chem. A  2007, 111, 12641-
12650.
(9) Gewirth, A. A.; Thorum, M. S. "Electroreduction of Dioxygen for Fuel-Cell
Applications: Materials and Challenges." Inorg. Chem. 2010, 49, 3557-3566.
(10) Armstrong, F. A.; Hirst, J. "Reversibility and Efficiency in Electrocatalytic Energy
Conversion and Lessons from Enzymes." Proc. Natl. Acad. Sci. USA 2011, 108, 14049-
14054.
57
(11) Lubitz, W.; Reijerse, E. J.; Messinger, J. "Solar Water-Splitting into H2 and O2: Design
Principles of Photosystem II and Hydrogenases." Energy Environ. Sci. 2008, 1, 15-31.
(12) Que, L., Jr.; Tolman, W. B. "Biologically Inspired Oxidation Catalysis." Nature 2008,
455, 333-340.
(13) Halime, Z.; Kotani, H.; Li, Y.; Fukuzumi, S.; Karlin, K. D. "Homogeneous Catalytic O2
Reduction to Water by a Cytochrome C Oxidase Model with Trapping of Intermediates
and Mechanistic Insights." Proc. Natl. Acad. Sci. USA 2011, 108, 13990-13994.
(14) Solomon, E. I.; Sundaram, U. M.; Machonkin, T. E. "Multicopper Oxidases and
Oxygenases." Chem. Rev. 1996, 96, 2563-2606.
(15) Tsui, E. Y.; Day, M. W.; Agapie, T. "Trinucleating Copper: Synthesis and
Magnetostructural Characterization of Complexes Supported by a Hexapyridyl 1,3,5-
Triarylbenzene Ligand." Angew. Chem., Int. Ed. 2011, 50, 1668-1672.
(16) Maiti, D.; Woertink, J. S.; Ghiladi, R. A.; Solomon, E. I.; Karlin, K. D. "Molecular
Oxygen and Sulfur Reactivity of a Cyclotriveratrylene Derived Trinuclear Copper(I)
Complex." Inorg. Chem. 2009, 48, 8342-8356.
(17) Mirica, L. M.; Stack, T. D. P. "A Tris(µ-hydroxy)tricopper(II) Complex as a Model of
the Native Intermediate in Laccase and Its Relationship to a Binuclear Analogue." Inorg.
Chem. 2005, 44, 2131-2133.
(18) Kodera, M.; Katayama, K.; Tachi, Y.; Kano, K.; Hirota, S.; Fujinami, S.; Suzuki, M.
"Crystal Structure and Reversible O2-Binding of a Room Temperature Stable µ-!
2:!2-
Peroxodicopper(II) Complex of a Sterically Hindered Hexapyridine Dinucleating
Ligand." J. Am. Chem. Soc. 1999, 121, 11006-11007.
(19) Kodera, M.; Kajita, Y.; Tachi, Y.; Katayama, K.; Kano, K.; Hirota, S.; Fujinami, S.;
Suzuki, M. "Synthesis, Structure, and Greatly Improved Reversible O2 Binding in a
Structurally Modulated µ-!2:!2-Peroxodicopper(II) Complex with Room-Temperature
Stability." Angew. Chem., Int. Ed. 2004, 43, 334-337.
(20) Magnus, K. A.; Ton-That, H.; Carpenter, J. E. "Recent Structural Work on the Oxygen
Transport Protein Hemocyanin." Chem. Rev. 1994, 94, 727-735.
(21) Kodera, M.; Kajita, Y.; Tachi, Y.; Kano, K. "Structural Modulation of Cu(I) and Cu(II)
Complexes of Sterically Hindered Tripyridine Ligands by the Bridgehead Alkyl Groups."
Inorg. Chem. 2003, 42, 1193-1203.
58
(22) Augustine, A. J.; Quintanar, L.; Stoj, C. S.; Kosman, D. J.; Solomon, E. I. "Spectroscopic
and Kinetic Studies of Perturbed Trinuclear Copper Clusters: The Role of Protons in
Reductive Cleavage of the O–O Bond in the Multicopper Oxidase Fet3p." J. Am. Chem.
Soc. 2007, 129, 13118-13126.
(23) Quintanar, L.; Stoj, C.; Wang, T.-P.; Kosman, D. J.; Solomon, E. I. "Role of Aspartate 94
in the Decay of the Peroxide Intermediate in the Multicopper Oxidase Fet3p."
Biochemistry 2005, 44, 6081-6091.
(24) Peterson, R. L.; Himes, R. A.; Kotani, H.; Suenobu, T.; Tian, L.; Siegler, M. A.;
Solomon, E. I.; Fukuzumi, S.; Karlin, K. D. "Cupric Superoxo-Mediated Intermolecular
C-H Activation Chemistry." J. Am. Chem. Soc. 2011, 133, 1702-1705.
(25) Rosenthal, J.; Nocera, D. G. "Role of Proton-Coupled Electron Transfer in O–O Bond
Activation." Acc. Chem. Res. 2007, 40, 543-553.
(26) Borovik, A. S. "Bioinspired Hydrogen Bond Motifs in Ligand Design: The Role of
Noncovalent Interactions in Metal Ion Mediated Activation of Dioxygen." Acc. Chem.
Res. 2004, 38, 54-61.
(27) Yamaguchi, S.; Wada, A.; Nagatomo, S.; Kitagawa, T.; Jitsukawa, K.; Masuda, H.
"Thermal Stability of Mononuclear Hydroperoxocopper(II) Species. Effects of Hydrogen
Bonding and Hydrophobic Field." Chem. Lett. 2004, 33, 1556-1557.
(28) Wada, A.; Honda, Y.; Yamaguchi, S.; Nagatomo, S.; Kitagawa, T.; Jitsukawa, K.;
Masuda, H. "Steric and Hydrogen-Bonding Effects on the Stability of Copper Complexes
with Small Molecules." Inorg. Chem. 2004, 43, 5725-5735.
(29) Yamaguchi, S.; Wada, A.; Funahashi, Y.; Nagatomo, S.; Kitagawa, T.; Jitsukawa, K.;
Masuda, H. "Thermal Stability and Absorption Spectroscopic Behavior of (µ -
Peroxo)Dicopper Complexes Regulated with Intramolecular Hydrogen Bonding
Interactions." Eur. J. Inorg. Chem. 2003, 4378-4386.
(30) MacBeth, C. E.; Golombek, A. P.; Young, V. G., Jr.; Yang, C.; Kuczera, K.; Hendrich,
M. P.; Borovik, A. S. "O2 Activation by Nonheme Iron Complexes: A Monomeric
Fe(III)-oxo Complex Derived From O2." Science 2000, 289, 938-941.
(31) Wada, A.; Harata, M.; Hasegawa, K.; Jitsukawa, K.; Masuda, H.; Mukai, M.; Kitagawa,
T.; Einaga, H. "Structural and Spectroscopic Characterization of a Mononuclear
Hydroperoxo - Copper(II) Complex with Tripodal Pyridylamine Ligands." Angew.
Chem., Int. Ed. 1998, 37, 798-799.
59
(32) Yamaguchi, S.; Nagatomo, S.; Kitagawa, T.; Funahashi, Y.; Ozawa, T.; Jitsukawa, K.;
Masuda, H. "Copper Hydroperoxo Species Activated by Hydrogen-Bonding Interaction
with Its Distal Oxygen." Inorg. Chem. 2003, 42, 6968-6970.
(33) Ozaki, S. I.; Roach, M. P.; Matsui, T.; Watanabe, Y. "Investigations of the Roles of the
Distal Heme Environment and the Proximal Heme Iron Ligand in Peroxide Activation by
Heme Enzymes via Molecular Engineering of Myoglobin." Acc. Chem. Res. 2001, 34,
818-825.
(34) Gerber, N. C.; Sligar, S. G. "Catalytic Mechanism of Cytochrome P-450: Evidence for a
Distal Charge Relay." J. Am. Chem. Soc. 1992, 114, 8742-8743.
(35) Denisov, I. G.; Makris, T. M.; Sligar, S. G.; Schlichting, I. "Structure and Chemistry of
Cytochrome P450." Chem. Rev. 2005, 105, 2253-2278.
(36) Kaila, V. R. I.; Verkhovsky, M. I.; Wikström, M. "Proton-Coupled Electron Transfer in
Cytochrome Oxidase." Chem. Rev. 2010, 110, 7062-7081.
(37) Huynh, M. H. V.; Meyer, T. J. "Proton-Coupled Electron Transfer." Chem. Rev. 2007,
107, 5004-5064.
(38) Kodera, M.; Tachi, Y.; Kita, T.; Kobushi, H.; Sumi, Y.; Kano, K.; Shiro, M.; Koikawa,
M.; Tokii, T.; Ohba, M.; Okawa, H. "A Cu(II)-Mediated C–H Oxygenation of Sterically
Hindered Tripyridine Ligands To Form Triangular Cu(II)3 Complexes." Inorg. Chem.
1999, 39, 226-234.
(39) Cati, D. S.; Ribas, J.; Ribas-Arino, J.; Stoeckli-Evans, H. "Self-Assembly of CuII and NiII
[2 !  2] Grid Complexes and a Binuclear CuII Complex with a New Semiflexible
Substituted Pyrazine Ligand: Multiple Anion Encapsulation and Magnetic Properties."
Inorg. Chem. 2004, 43, 1021-1030.
(40) Perrin, C. L.; Nielson, J. B. ""Strong" Hydrogen Bonds in Chemistry and Biology."
Annu. Rev. Phys. Chem. 1997, 48, 511-544.
(41) Nelson, N. A.; Paquette, L. A. "Steroidal Hormone Analogs. X. 6-(1,2,3,4-Tetrahydro-2-
naphthyl)-2(1H)-pyridones." J. Org. Chem. 1962, 27, 964-968.
(42) Sobczyk, L.; Grabowski, S. J.; Krygowski, T. M. "Interrelation between H-Bond and Pi-
Electron Delocalization." Chem. Rev. 2005, 105, 3513-3560.
(43) Savelieff, M. G.; Lu, Y. "CuA Centers and their Biosynthetic Models in Azurin." J. Biol.
Inorg. Chem. 2010, 15, 461-483.
60
(44) Blackburn, N. J.; de Vries, S.; Barr, M. E.; Houser, R. P.; Tolman, W. B.; Sanders, D.;
Fee, J. A. "X-ray Absorption Studies on the Mixed-Valence and Fully Reduced Forms of
the Soluble CuA Domains of Cytochrome c Oxidase." J. Am. Chem. Soc. 1997, 119,
6135-6143.
(45) Harding, C.; McKee, V.; Nelson, J. "Highly Delocalized Cu(I)/Cu(II); A Copper-Copper
Bond?" J. Am. Chem. Soc. 1991, 113, 9684-9685.
(46) Long, R. C.; Hendrickson, D. N. "Intramolecular Electron Transfer in a Series of Mixed-
Valence Copper(II)-Copper(I) Complexes." J. Am. Chem. Soc. 1983, 105, 1513-1521.
(47) Gamelin, D. R.; Randall, D. W.; Hay, M. T.; Houser, R. P.; Mulder, T. C.; Canters, G.
W.; de Vries, S.; Tolman, W. B.; Lu, Y.; Solomon, E. I. "Spectroscopy of Mixed-Valence
CuA-Type Centers: Ligand-Field Control of Ground-State Properties Related to Electron
Transfer." J. Am. Chem. Soc. 1998, 120, 5246-5263.
(48) Robin, M. B.; Day, P. "Mixed Valence Chemistry. A Survey and Classification." Advan.
Inorg. Chem. Radiochem. 1967, 10, 247-422.
(49) Connelly, N. G.; Geiger, W. E. "Chemical Redox Agents for Organometallic Chemistry."
Chem. Rev. 1996, 96, 877-910.
(50) LeCloux, D. D.; Davydov, R.; Lippard, S. J. "Mixed-Valence CuI-CuII and
Heterodimetallic CuI-MII Bis(carboxylate-bridged) Complexes: Structural,
Electrochemical, and Spectroscopic Investigations." Inorg. Chem. 1998, 37, 6814-6826.
(51) LeCloux, D. D.; Davydov, R.; Lippard, S. J. "Synthesis and Characterization of Spin-
Delocalized Carboxylate-Bridged Cu(I)-Cu(II) Mixed-Valence Complexes Having Only
Oxygen Donor Ligands." J. Am. Chem. Soc. 1998, 120, 6810-6811.
(52) He, C.; Lippard, S. J. "Synthesis and Characterization of Several Dicopper(I) Complexes
and a Spin-Delocalized Dicopper(I,II) Mixed-Valence Complex Using a 1,8-
Naphthyridine-Based Dinucleating Ligand." Inorg. Chem. 2000, 39, 5225-5231.
(53) Hagadorn, J. R.; Zahn, T. I.; Que, L., Jr.; Tolman, W. B. "Dicopper(I,I) and Delocalized
Mixed-Valent Dicopper(I,II) Complexes of a Sterically Hindered Carboxylate Ligand."
Dalton Trans. 2003, 1790-1794.
(54) Immoos, C.; Hill, M. G.; Sanders, D.; Fee, J. A.; Slutter, S. E.; Richards, J. H.; Gray, H.
B. "Electrochemistry of the CuA Domain of Thermus thermophilus cytochrome ba3." J.
Biol. Inorg. Chem. 1996, 1, 529-531.
61
(55) Lucas, H. R.; Meyer, G. J.; Karlin, K. D. "CO and O2 Binding to Pseudo-tetradentate
Ligand-Copper(I) Complexes with a Variable N-Donor Moiety: Kinetic/Thermodynamic
Investigation Reveals Ligand-Induced Changes in Reaction Mechanism." J. Am. Chem.
Soc. 2010, 132, 12927-12940.
(56) Coetzee, J. F.; Padmanabhan, G. R. "Properties of Bases in Acetonitrile as Solvent. IV.
Proton Acceptor Power and Homoconjugation of Mono- and Diamines." J. Am. Chem.
Soc. 1965, 87, 5005-5010.
(57) Conifer, C. M.; Taylor, R. A.; Law, D. J.; Sunley, G. J.; White, A. J. P.; Britovsek, G. J.
P.  "First metal complexes of 6,6[prime or minute]-dihydroxy-2,2[prime or minute]-
bipyridine: from molecular wires to applications in carbonylation catalysis." Dalton
Trans. 2011, 40, 1031-1033.
(58) Tomon, T.; Koizumi, T.-a.; Tanaka, K. "Stabilization and Destabilization of the Ru–CO
Bond During the 2,2!-Bipyridin-6-onato (bpyO)-Localized Redox Reaction of
[Ru(terpy)(bpyO)(CO)](PF6)." Eur. J. Inorg. Chem. 2005, 2005, 285-293.
(59) Kolthoff, I. M.; Chantooni, M. K.; Bhowmik, S. "Dissociation Constants of Uncharged
and Monovalent Cation Acids in Dimethyl Sulfoxide." J. Am. Chem. Soc. 1968, 90, 23-
28.
(60) Fraser, R. R.; Mansour, T. S.; Savard, S. "Acidity Measurements on Pyridines in
Tetrahydrofuran using Lithiated Silylamines." J. Org. Chem. 1985, 50, 3232-3234.
(61) Zhang, J.-P.; Wang, Y.-B.; Huang, X.-C.; Lin, Y.-Y.; Chen, X.-M. "Metallophilicity
versus !–! Interactions: Ligand-Unsupported Argentophilicity/Cuprophilicity in
Oligomers-of-Dimers [M2L2]n (M=CuI or AgI, L=tridentate ligand)." Chem. Eur. J.
2005, 11, 552-561.
(62) Mashima, K.; Nakano, H.; Nakamura, A. "New Synthetic Strategy for a Straight Linear
Metal-Metal Bonded Tetranuclear Complex, the Palladium-Molybdenum-Molybdenum-
Palladium System Supported by Four Tridentate 6-(Diphenylphosphino)-2-pyridonate
Ligands." J. Am. Chem. Soc. 1993, 115, 11632-11633.
(63) Royer, A. M.; Rauchfuss, T. B.; Gray, D. L. "Organoiridium Pyridonates and Their Role
in the Dehydrogenation of Alcohols." Organometallics, 29, 6763-6768.
(64) Cotton, F. A.; Felthouse, T. R. "Seven Dinuclear Rhodium(II) Complexes with O-
Oxypyridine Anions as Ligands." Inorg. Chem. 1981, 20, 584-600.
62
(65) Gupta, R.; Zhang, Z. H.; Powell, D.; Hendrich, M. P.; Borovik, A. S. "Synthesis and
Characterization of Completely Delocalized Mixed-Valent Dicopper Complexes." Inorg.
Chem. 2002, 41, 5100-5106.
(66) Houser, R. P.; Young, V. G., Jr.; Tolman, W. B. "A Thiolate-Bridged, Fully Delocalized
Mixed-Valence Dicopper(I,II) Complex That Models the CuA Biological Electron-
Transfer Site." J. Am. Chem. Soc. 1996, 118, 2101-2102.
(67) Lassalle-Kaiser, B.; Guillot, R.; Sainton, J.; Charlot, M.-F.; Aukauloo, A. "Proton-
Mediated Redox Control in a Nickel(II)-Bisimidazolate Complex: Spectroscopic
Characterization and Density Functional Analysis." Chem. Eur. J. 2008, 14, 4307-4317.
(68) Lassalle-Kaiser, B.; Guillot, R.; Anxolabehere-Mallart, E.; Aukauloo, A. "Imidazole
Containing Ligands for the Modulation of Physical Properties of Metal Complexes Upon
(De)protonation." Tetrahedron Lett. 2006, 47, 3379-3382.
(69) Stupka, G.; Gremaud, L.; Williams, A. F. "Control of Redox Potential by Deprotonation
of Coordinated 1H-Imidazole in Complexes of 2-(1H-Imidazol-2-yl)pyridine." Helv.
Chim. Acta 2005, 88, 487-495.
(70) Brewer, C.; Brewer, G.; Luckett, C.; Marbury, G. S.; Viragh, C.; Beatty, A. M.; Scheidt,
W. R. "Proton Control of Oxidation and Spin State in a Series of Iron Tripodal Imidazole
Complexes." Inorg. Chem. 2004, 43, 2402-2415.
(71) Lambert, F.; Policar, C.; Durot, S.; Cesario, M.; Yuwei, L.; Korri-Youssoufi, H.; Keita,
B.; Nadjo, L. "Imidazole and Imidazolate Iron Complexes: On the Way for Tuning 3D-
Structural Characteristics and Reactivity. Redox Interconversions Controlled by
Protonation State." Inorg. Chem. 2004, 43, 4178-4188.
(72) Stupka, G.; Gremaud, L.; Bernardinelli, G.; Williams, A. F. "Redox State Switching of
Transition Metals by Deprotonation of the Tridentate Ligand 2,6-bis(Imidazol-2-
yl)pyridine." Dalton Trans. 2004, 407-412.
(73) Hammes, B. S.; Kieber-Emmons, M. T.; Sommer, R.; Rheingold, A. L. "Modulating the
Reduction Potential of Mononuclear Cobalt(II) Complexes via Selective Deprotonation
of Tris[(2-benzimidazolyl)methyl]amine." Inorg. Chem. 2002, 41, 1351-1353.
(74) Carina, R. F.; Verzegnassi, L.; Williams, A. F.; Bernardinelli, G. "Modulation of Iron
Reduction Potential by Deprotonation at a Remote Site." Chem. Commun. 1998, 2681-
2682.
(75) Liang, H.-C.; Kim, E.; Incarvito, C. D.; Rheingold, A. L.; Karlin, K. D. "A Bis-
Acetonitrile Two-Coordinate Copper(I) Complex: Synthesis and Characterization of
63
Highly Soluble B(C6F5)4
- Salts of [Cu(MeCN)2]
+ and [Cu(MeCN)4]
+." Inorg. Chem. 2002,
41, 2209-2212.
(76) Fulmer, G. R.; Miller, A. J. M.; Sherden, N. H.; Gottlieb, H. E.; Nudelman, A.; Stoltz, B.
M.; Bercaw, J. E.; Goldberg, K. I. "NMR Chemical Shifts of Trace Impurities: Common
Laboratory Solvents, Organics, and Gases in Deuterated Solvents Relevant to the
Organometallic Chemist." Organometallics 2010, 29, 2176-2179.
(77) Heiden, Z. M.; Rauchfuss, T. B. "Homogeneous Catalytic Reduction of Dioxygen using
Transfer Hydrogenation Catalysts." J. Am. Chem. Soc. 2007, 129, 14303-14310.
64
Chapter 3.
Heterogeneous Oxygen Reduction Catalysis by Immobilized Cu Complexes
†
3.1 Introduction
The mass implementation of hydrogen fuel cells requires technological advancements to
be made in the development of cathodic catalysts that effect the oxygen reduction reaction
(ORR) by 4e
–
 at low overpotentials.
1
  Pt remains the current standard cathode used in
commercial fuel cells, although an overpotential of approximately 300 mV, slow reaction
kinetics, and the a low supply of ore in the earth’s crust prevent this metal from being the ideal
catalyst.
2-4
 Biological ORR catalysts are also being implemented by means of adsorbing enzymes
that efficiently reduce O2 to H2O (e.g. laccase) to electrode surfaces.
5
  In order to avoid the low
surface charge density acquired in tethering large entities with low active site:enzyme mass
ratios,
6
 opportunities arise in mimicking the active sites of enzymes to develop functional
molecular catalysts.
Type III copper centers, coordinated by three histidine ligands, are observed in many
copper-based enzymes that activate O2, such as hemocyanin (Hc).  A number of biomimetic Cu
complexes have been developed which feature CuN3 centers, but none have been tested as
catalysts for the ORR.  In fact, few well-defined Cu catalysts exhibit the ability to reduce O2 to
water.
7,8
  Karlin and coworkers reported that Cu(II)(tpa) (tpa = tris(2-pyridylmethyl)amine)
facilitates the reduction of O2 to H2O employing decamethylferrocene as a reductant in the
presence of H
+
,
9
 however decamethylferrocene itself has been demonstrated to reduce O2 in the
presence of acid.
10,11
Although homogeneous catalysis by well-defined metal complexes allows for facile
in situ characterization of molecular structure, adaptation of these complexes as heterogeneous
catalysts is required for fuel cell applications.  Adsorption of a catalyst onto to an electrode is
highly dependent upon the nature of the surface.  The affinity of Au electrodes for sulfur can be
exploited by coating the Au surface with a monolayer of azide functionalized thiols.  The
                                                 
† This chapter is based on a publication produced in collaboration with Matthew A. Thorseth: Thorseth, M. A.;
Letko, C. S.; Rauchfuss, T. B.; Gewirth, A. A. Inorg. Chem. 2011, 50, 6158-6162, along with unpublished results.
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terminal azides can tether metal complexes having alkyne functionality to the Au surface using a
Click reaction (Figure 3.1).  Chidsey and Stack developed an analogous method for covalently
attaching Cu(II)(3-ethynyl-1,10-phenanthroline) to an azide-functionalized carbon electrode.
7
For glassy carbon electrodes, catalysts can be impregnated into a carbon black/Nafion ink, which
can then be coated onto an electrode’s surface.
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Figure 3.1.  Depiction of a Au electrode surface coated with a monolayer of thiols, interspersed with thiols
having azide functionality.  In this example by Conan and coworkers, a Cu(II)(tpa) derivative having an
alkyne substituent is “clicked” onto the surface.
12
The potential at which an inflection point is observed to precede electrocatalytic current
in a i-V curve is noted as the onset of catalysis.  Onset potentials are used to gauge the
effectiveness of ORR catalysts, with more positive potentials correlating with lower
overpotentials (ideally 1.23 V vs NHE).  Two of the top Cu-based electrocatalysts for the ORR
thus far are a Cu(II)-3,5-diamino-1,2,4-triazole based coordination polymer (onset potential =
0.86 V vs RHE at pH = 13)
13
 developed in Gewirth’s lab and a Cu(II)(2,9-diethyl-
phenanthroline) complex (onset potential = 0.305 V vs NHE)
14
 tested by Chidsey and coworkers
(Figure 3.2).
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Figure 3.2.  Examples of Cu electrocatalysts known to effect the reduction of O2 to H2O. Left:
Crystallographically characterized Cu(II)2(3,5-diamino-1,2,4-triazole)2 omitting coordinated sulfate and
water ligands (catalyst structure on surface is unknown).  Right: Cu(II)(2,9-diethyl-phenanthroline)diacetate.
The following chapter describes the adsorption of [Cu(2H)(NCMe)]
+
 and
[Cu(2Me)(NCMe)]
+
 (presented in Chapter 2) onto carbon electrodes  in addition to the parent
hemocyanin model developed by Kodera, [Cu2(bistripic)(NCMe)2]
2+
 (bistripic = bis(1,2-bis[2-
(bis(6-methylpyrid-2-yl)methyl)pyrid-6-yl]ethane) along with the monocopper derivative
[Cu(tripic)(NCMe)]
+
 (tripic = tris(2-picolin-6-yl)methane) (Figure 3.3) (see experimental).
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Figure 3.3.  Compounds to be compared for their activity in the ORR.
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Using the Cu-tripic complexes as a benchmark, it is hypothesized that the proximal OH
group of [Cu(2H)(NCMe)]+ (Chapter 2) will aid O2 reduction.  Key characteristics used to
compare the catalysts are the current density for reduction of O2 to H2O2 vs reduction to H2O and
the onset potential for O2 reduction.  Utilization of a rotating ring disk electrode (RRDE), a
glassy carbon electrode having a Pt outer-ring held at +1.2 V, allows quantification of any H2O2
produced.  Additional Cu complexes used as controls are described in an attempt to determine
what ligand design features enhance ORR catalysts.  The results also reveal whether two tethered
Cu centers ([Cu2(bistripic)(NCMe)2]
2+) are required for efficient O2 reduction.
The methodology used to adsorb each catalyst to the electrode’s surface begins with the
generation of a carbon black ink for each catalyst.  Deposition of a droplet of an ink onto the
glassy carbon portion of a RRDE, followed by drying under a stream of air afforded robust
electrode surfaces that were resistant to flaking in aqueous solution.
3.2 O2 Reduction by Cu Complexes Adsorbed onto a Carbon Electrode
Inks of the Cu complexes were generated by sonicating a suspension Vulcan XC-72
carbon black in a MeCN solution containing 10 wt% of the salt to be analyzed.  After catalyst
adsorption, the MeCN was evaporated under a stream of air, followed by suspension of the
remaining catalyst-impregnated carbon with 5 wt% Nafion®.
It must be noted that this adsorption method does not allow for controlled templating of
two Cu centers proximal to one another.  Unlike tethering complexes to a Au surface, complexes
adsorb onto the carbon black in a random distribution having a permanent directional orientation
(unlike in solution) on the electrode’s surface.   Hypothetically, if two Cu centers happen to be
proximal to each other on the electrode’s surface but the open coordination site of each complex
is pointing away from the neighboring Cu center, neither complex can adjust its orientation
toward the other to form a bimetallic O2 complex.
Figure 3.4 displays the results of RRDE voltammetry acquired from [Cu(tripic)(NCMe)]
+
and [Cu2(bistripic)(NCMe)2]
2+
 supported as described above along with a control electrode
having only Vulcan XC-72 carbon black at pH 2 and pH 10.  In the absence of O2, voltammetry
revealed little current response from +0.75 V to –0.5 V (all potentials are reported vs RHE).
Following the introduction of O2, additional cathodic current was observed (Fig. 3.3).  At pH 2,
the onset of oxygen reduction was found to be 0.40 V for [Cu2(bistripic)(NCMe)2]
2+
, 0.34 V for
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[Cu(tripic)(NCMe)]
+
, and 0.11 V for the carbon black control.  The diffusion limited current for
[Cu2(bistripic)(NCMe)2]
2+
 is the largest at 5 mA cm
-2
, while [Cu(tripic)(NCMe)]
+
  is slightly less
at 4.5 mA cm
-1
, and carbon black is the least at 3 mA cm
-2
.
In the presence of 10 mM H2O2, [Cu(tripic)(NCMe)]
+ and [Cu2(bistripic)(NCMe)2]
2+
were both found to catalyze the reduction of H2O2 to H2O.  Displayed in Table 3.1 is the number
of electrons transferred per substrate by each catalyst, determined by a Koutecky-Levich plot
made by varying the electrode rotation rate.  At pH 2, [Cu(tripic)(NCMe)]+ a n d
[Cu2(bistripic)(NCMe)2]
2+  as well as Vulcan carbon were found to transfer approximately 2e
–
,
consistent with reduction of O2 to H2O2.  Whereas carbon black has the largest ring current, the
number of electrons transferred by each catalyst is similar.  The onset potential for O2 reduction
was found to change by 50 mV increments per pH unit (Figure 3.5).
Figure 3.4.  RRDE voltammetry data for [Cu(tripic)(NCMe)]+  (red line), [Cu2(bistripic)(NCMe)2]
2+
(blue!line), and XC-72 carbon black (black line) with ring currents (dotted lines) in Britton-Robinson buffer
under 1 atm of O2 with a rotation rate of 1600 rpm at pH 2 (a) and pH 10 (b).
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Table 3.1.  Number of electrons (n) transferred determined from Koutecky-Levich plots for
[Cu(tripic)(NCMe)]+, [Cu(tripic)(NCMe)]+, and Vulcan Carbon in the Presence of O2 or H2O2 at pH 2 and 10.
1
2
Carbon
Black
nO pH 2
( -0.5 V)
nO pH 10
( 0.07 V)
nH O pH 10
( -0.5 V)
nH O pH 2
( -0.5 V)
2 2 2 2 2 2
2.6
2.9
2.8
3.5
3.7
2.3
0.1
0.1
0.8
1.5
1.7
0.8
Figure 3.5. pH dependence of the onset potentials for O2 (red) and H2O2 (black) reduction for
[Cu(tripic)(NCMe)]+ (circles) and [Cu2(bistripic)(NCMe)2]
2+ (squares). At pH 10, the onset potentials for both
complexes overlap.
Cu complexes of the hydroxy- and methoxy-tripic derivatives were found to effect the
ORR similarly to [Cu(tripic)(NCMe)]+.  Plots of the pH dependence of onset potential for
[Cu(2H)(NCMe)]+ and [Cu(2Me)(NCMe)]+ are displayed in Figure 3.6.  Each change of pH unit
results in a linear onset potential shift of approximately 0.04 V for both complexes, except for
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[Cu(2Me)(NCMe)]+ at pH = 2.  Oddly, the onset potential was found to be poor for
[Cu(2Me)(NCMe)]+ at low pH (0.29 V), possibly due to ligand protonation or demetallation in
the acidic environment.  Interestingly, [Cu(2H)(NCMe)]+ has a more positive ORR onset
potential at pH = 2 (0.46 V) by at least 0.06 V than either [Cu(2Me)(NCMe)]+ (0.29 V),
[Cu(tripic)(NCMe)]+ (0.34 V), or [Cu2(bistripic)(NCMe)2]
2+ (0.40 V).
A drastic reduction of the Pt ring current is observed with [Cu(2H)(NCMe)]+ in
comparison with its monocopper congeners, [Cu(tripic)(NCMe)]+ and [Cu(2Me)(NCMe)]+
(Figure 3.7).  Koutecky-Levich plots for [Cu(2H)(NCMe)]+ and [Cu(2Me)(NCMe)]+ at pH = 2
provide values of 2.5e– and 2.3e– respectively for the number of electrons transferred, similar to
[Cu(tripic)(NCMe)]+ and [Cu2(bistripic)(NCMe)2]
+ (see above).  Although not a new benchmark
for the ORR, [Cu(2H)(NCMe)]+ was found to effect the ORR at the lowest overpotential
between the four type III Cu complexes studied, demonstrating the promising influence of the
pendant hydrogen-bond donor.
Figure 3.6. pH dependence of the onset potentials for O2 reduction for [Cu(2H)(NCMe)]
+ (left) and
[Cu(2Me)(NCMe)]+ (right) under 1 atm O2 at a rotation rate of 1600 rpm.
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Figure 3.7. RRDE voltammetry data for [Cu(2H)(NCMe)]+  (top, red) and [Cu(2Me)(NCMe)]+ (bottom, red)
along with Pt ring currents (black) in Britton-Robinson buffer (pH = 2) under 1 atm of O2 at a rotation rate
of 1600 rpm.
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3.3 Low Overpotential ORR Catalysis by [Cu(tpa)]2+
While screening various Cu complexes as controls for the results described above, it was
discovered that [Cu(tpa)]2+ is an effective catalyst for the ORR.  In fact, [Cu(tpa)](ClO4)2 on a
Vulcan carbon support has the highest onset potential reported for a Cu complex at pH = 1
(0.1!M HClO4) of 0.53 V (Figure!3.8).  This was quite remarkable due to the instability of the
bimetallic dioxygen adduct, [Cu2(tpa)2(µ-!
1:!1-O2)]
2+, a likely intermediate in the ORR.  Formed
upon treating the Cu(I)(tpa) complex with O2, [Cu2(tpa)2(µ-!
1:!1-O2)]
2+ is only stable at
temperatures below –80!ºC (eq 3.1).15
N
N
N
N
Cu O
O
N
N
N
N
Cu
2+
N
N
NN
Cu
NCEt
2
O2
+
(3.1)
> –80 ºC
degradation
EtCN
–80 ºC
Figure 3.8.  RRDE voltammetry data for [Cu(tpa)](ClO4)2 on Vulcan carbon support at pH = 1
(0.1!M!HClO4) under 1 atm of O2.  Dashed lines display the current response at the Pt ring, where red is
under 1!atm O2 and black is under Ar.
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3.4 Derivatives of [Cu(tpa)]2+
In an effort to discover which ligand-based structural features improve the ORR onset
potential of [Cu(tpa)]2+, derivatives of tpa were synthesized containing a variety of functional
groups and substitution patterns (Figure 3.9).  The synthesis of ligands tpa-(NH2)2, tpa-Piv2, and
Py2-Im had all been reported in the literature (see experimental).  Commercially available tren (a
structural analogue of tpa) and Me3TACN were also screened.
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Me3TACNtrenPy2-Im
Figure 3.9.  Derivatives of tpa and other structurally related ligands screened for ORR activity.
Incorporation of Fc (ferrocene) into the tpa ligand frame was inspired by the type I Cu
redox center that compliments the Cu3 center in laccase.  The synthesis of tpa-Fc was
accomplished by a Kumada coupling of the Grignard reagent derived from 1-bromoferrocene
and (5-bromo-2-pyridylmethyl)bis(2-pyridylmethyl)amine (5-Brtpa) (eq 3.2).
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Cyclic voltammetry of a MeCN solution of in situ generated [Cu(tpa-Fc)](NO3)2 displays a
Cu(II/I) couple at E1/2 = 0.13 V vs Fc
0/+ and a Fe(II/III) couple at E1/2 = –0.48 V vs Fc
0/+
(Figure!3.10).  A sharp wave at –0.18 V is tentatively assigned to the oxidative desorption of Cu
metal.  RRDE voltammetry data collected for Vulcan carbon supported [Cu(tpa-Fc)](NO3)2
under O2 at pH = 1 displayed only a slight increase in current density versus that of
[Cu(tpa)](ClO4)2, however no difference in onset potential (0.53 V) was observed (Figure 3.11).
Figure 3.10.  Cyclic voltammogram for a 1.0 mM solution of [Cu(tpa-Fc)](NO3)2 in MeCN using [TBA]PF6
as the electrolyte.
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A comparison of the RRDE voltammetry data for Cu(ClO4)2 salts of each of the ligands at
pH = 1 is portrayed in Figure 3.12.  Unfunctionalized [Cu(tpa)](ClO4)2 was found to have a
similar or greater ORR onset potential at 0.53 V (pH = 1) than all of the derivatives tested.  The
onset potential for [Cu(Me3TACN)](ClO4)2 (Me3TACN being the only tridentate ligand studied)
was found to be the lowest of the derivatives tested at 0.30 V.  The flanking t-butyl amides of
[Cu(tpa-Piv2)](ClO4)2 could sterically hinder access to the open coordination site on Cu, possibly
explaining the higher overpotential observed for this catalyst (onset potential = 0.40 V).
[Cu(tren)](ClO4)2  exhibits a slightly higher onset potential (0.43 V) than [Cu(tpa-Piv2)](ClO4)2,
but the current density produced was approximately half the value observed for [Cu(tpa)](ClO4)2.
The other derivatives tested were all found to have onset potentials within 0.03 V of
[Cu(tpa)](ClO4)2, with only [Cu(tpa-Fc)](ClO4)2 surpassing the parent salt in current density.
Figure 3.11.  RRDE voltammetry for [Cu(tpa)](ClO4)2 (black) and [Cu(tpa-Fc)](ClO4)2 (red) under 1 atm O2
and a rotation rate of 1600 rpm at pH = 1.  The dotted lines correspond to the current response measured at
the Pt ring.
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3.5 Thiol-tethered TPA Derivative
Elucidation of the mechanism for electrocatalytic O2 reduction by [Cu(tpa)](ClO4)2
supported on carbon proved to be difficult due to the lack of spectroscopic techniques available
to characterize complexes on a disordered carbon surface.  Covalent tethering of well-defined Cu
complexes to electrode surfaces has provided insights into the quantity of Cu centers
participating in the O2 reduction event.
7  Tethering [Cu(tpa)](ClO4)2 to a Au electrode would
allow surface coverage studies on the ORR catalyst, providing insight toward the mechanism for
O2 reduction.  Attachment of the tpa ligand to a Au surface required functionalization with an
alkyl thiol linker (Scheme 3.1).
Figure 3.12.  RRDE voltammetry comparing the various Cu catalysts analyzed for their ORR activity
under 1 atm O2 at pH = 1 and a rotation rate of 1600 rpm.
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Previously reported [Cu(tpa)]2+ complexes tethered to Au surfaces contain substituents
that sterically crowd the open coordination site of Cu.12,16,17  Synthesis of a tpa ligand
functionalized with a thiol-tether that avoids blocking the open coordination site of Cu was
performed in a convergent manner through the cross-coupling of a pinacol borane-functionalized
tritylthioether linker (B) with 5-BrTPA (Scheme 3.2).   The thiol linker was synthesized
beginning with alkylation of 4-bromothiophenol with 1-bromo-2-tritylthioetherpropane in the
presence of NaOEt to afford BrC6H4SC3H6SCPh3 (A) in excellent yield.  The trityl protecting
Scheme 3.1.  Proposed steps required to adsorb a thiol derivative of [Cu(tpa)]2+ to a Au surface.
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Scheme 3.2. Synthesis of a thiol-tethered derivative of tpa described in this thesis.
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group was employed due to the mild conditions required for deprotection.18  Modulation of the
alkyl chain length of the tritylthioether is possible by adding one equiv of tritylthiol to any
1,n-dibromoalkane (where n is the number of carbons in the alkane) in the presence of base.
Compound A was catalytically borylated with B2Pin2 (B2Pin2 = bis(pinacolato)diboron)
using PdCl2(dppf) (dppf = 1,1!-diphenylphosphinoferrocene) as the catalyst to afford
PinBC6H4SC3H6SCPh3 (B).  Utilizing the Suzuki method to cross-couple boronic ester B with
5-BrTPA afforded tritylthioether-functionalized TPA (C).  Deprotection of the tritylthioether
was conducted using triethylsilane and trifluoroacetic acid to afford the desired thiol-
functionalized TPA (D).  In the presence of dioxygen, compound D quickly degrades to an
insoluble disulfide species, possibly facilitated by the TPA ligand acting as an internal base.
Deposition of a monolayer of D onto a Au surface was accomplished by immersing a
freshly polished polycrystalline Au disk into a degassed THF solution of D (0.1 mM) over a
period of 20 h.  Comparison of the onset of dioxygen reduction between a clean Au disk and a
Au disk treated with D shows that the thiol deposition indeed inhibits electron transfer from the
Au surface to dioxygen (Figure 3.13).
Figure 3.13.  Cyclic voltammetry data acquired in an aqueous 0.1 M KClO4 solution for a polished Au disk
(black), a Au disk coated with a monolayer of D (red), and a Au disk coated with D and backfilled with n-
butanethiol (blue) under 1 atm O2.
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The open surface area of Au disks treated with D can be backfilled by subsequent
immersion in a solution of n-butane thiol.  Further insulation of the Au surface by n-butanethiol
is signaled by the negative jump in ORR onset potential from –0.37 V to –0.46 V (vs NHE),
between the non-backfilled and backfilled disks respectively.
Coordination of copper to the tethered TPA ligand was performed by immersing the
D/n-butanethiol-coated Au disk in a 5 mM ethanol solution of Cu(ClO4)2 over a period of 2!h,
followed by thorough rinsing with H2O.  Cyclic voltammetry analysis of Cu(D) supported onto
the Au disk under an Ar atmosphere displays a CuII/I couple at –0.15 V (vs NHE).  Under 1 atm
O2, ORR catalysis performed by thiol tethered Cu(D) displayed an onset potential of –0.20 V,
only –0.05 V more positive from that of the bare Au disk (Figure!3.14).  The close overlap of
onset potentials makes catalysis effected by Cu(D) vs the Au disk difficult to distinguish.
Figure 3.14.  Cyclic voltammetry data acquired in an aqueous 0.1 M KClO4 solution for a polished Au
disk (black), a Au disk coated with a monolayer of D (red), and a Au disk coated with D treated with
Cu(ClO4)2 (blue) under 1 atm O2.
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3.6 Identity of the Active Catalytic Species
One of the interesting features of catalytic ORR performed by [Cu(tpa)]2+ was the
measured potential difference between the onset of O2 reduction and Epc of the catalyst under Ar
(!Ecat).  Typically, Cu-based ORR catalysts exhibit !Ecat values of approximately 0 V, showing
that Epc coincides with the catalysts’ potential to reduce O2.
7,13  [Cu(tpa)]2+ displays a large value
for !Ecat (0.32 V at pH = 1), in which the potential observed for O2 reduction is greater than that
of Epc (Figure 3.15).  This finding suggests that a species other than [Cu(tpa)]
2+ is generated,
identifying it as the active catalyst for the ORR.
A large value for !E cat was additionally observed in cyclic voltammetry studies on
aqueous [Cu(tpa)](NO3)2 buffered to pH = 7.  Under Ar, Epc was measured at 0.29 V (vs!RHE),
which corresponds to the reduction of Cu(II) to Cu(I).  This reduction peak shifts 0.36!V under
Figure 3.15.  RRDE voltammetry for [Cu(tpa)](ClO4)2 under Ar (black) and 1 atm O2 (red) at pH = 1
highlighting !Ecat.
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1!atm O2 (vs RHE).  After completing multiple cycles (range = 1.7 to –0.1 V) under 1 atm O2, a
peak with Epc = 0.25 V (vs RHE), almost matching that of [Cu(tpa)](NO3)2 under Ar, was
observed to overlap with the catalytic O2 reduction wave (Figure 3.16).
An experiment was developed to distinguish whether the active ORR catalyst was in
solution or adsorbed onto the glassy carbon surface.  An electrode immersed in a buffered
aqueous solution (pH = 7) of [Cu(tpa)](NO3)2 under O2 was cycled multiple times between 1.7
and –0.1 V.  The coated electrode was then rinsed thoroughly with water and immersed in a cell
containing fresh buffer solution.  A current response was not observed under an atmosphere of
Ar.  In the presence of O2, the ORR wave observed in aqueous solutions of [Cu(tpa)](NO3)2
reappeared (Figure 3.17).  Polishing the glassy carbon electrode surface led to disappearance of
the cathodic peak, with only background reduction of O2 by glassy carbon observed.  Cycling a
Figure 3.16.  Cyclic voltammograms acquired for an aqueous solution of [Cu(tpa)](NO3)2 (1.0 mM) buffered
to pH = 7 (Britton-Robinson buffer) with a scan rate of 100 mV/s under Ar (blue), 1 atm of O2 (black), and
after 20 cycles under 1 atm O2 (red) at a scan rate of 100 mV/s.
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solution of [Cu(tpa)](NO3)2 under an atmosphere of Ar was not found to adsorb the active ORR
catalyst to the electrode.  These findings hint at the ORR catalyst identifying as an electrode
adsorbed species generated upon reacting reduced [Cu(tpa)]+ with O2.
3.7 Conclusions
An electrode fabricated from hydroxy functionalized [Cu(2H)(NCMe)]+ was found to
have a greater onset potential than [Cu(tripic)(NCMe)]+ and the methoxy derivative
[Cu(2Me)(NCMe)]+.  Even the bimetallic complex [Cu2(bistripic)(NCMe)2]
2+, known to
coordinate dioxygen at room temperature, exhibited an onset potential  0.06 V negative to that of
[Cu(2H)(NCMe)]+ (Table 3.2).  It has been previously shown that hemocyanin proteins can
decompose H2O2 to oxygen and water at neutral pH.
19  These early results exhibit a positive
Figure 3.17.  Cyclic voltammetry of a [Cu(tpa)](NO3)2 catalyst coated electrode under Ar (blue), under
1!atm O2 (black), and  under 1 atm O2 after electrode polishing.  Experiments were performed in buffered
aqueous solution (Britton-Robinson, pH = 7) using a glassy carbon electrode at a scan rate of 100 mV/s.
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influence for Cu catalysts having pendant hydrogen-bond donors on the catalytic reduction of O2.
Incorporating hydroxy functional groups into a complex containing three Cu centers may afford
a catalyst that better mimics the laccase active site.
[Cu(tpa)]2+ was found to exhibit the best onset potential reported for a Cu-based catalyst
at pH = 1.  Cu(II) complexes of various tpa derivatives described in this chapter were not found
to surpass the onset potential of unsubstituted [Cu(tpa)]2+.  An attempt to better understand the
mechanism of O2 reduction of [Cu(tpa)]
2+ by tethering the Cu complex functionalized with a
thiol group to a Au surface was not found to effect the ORR at a potential greater than that of the
electrode.
Table 3.2. Comparison of ORR onset potentials for the catalysts tested and selected benchmarks.13,14
[Cu2(bistripic)(NCMe)2]
2+
[Cu(2H)(NCMe)]+
[Cu(2Me)(NCMe)]+
[Cu(tripic)(NCMe)]+
Compound pH Onset Potential (V)
[Cu(tpa)]2+
2
2
2
2
1 0.53
0.40
0.36
0.29
0.46
4.8 0.58[Cu(2,9-diethylphenanthroline)]2+
CuII(3,5-diamino-1,2,4-triazole) 1 0.47
A comparison of Epc for [Cu(tpa)]
2+ under Ar with its onset potential for O2 reduction
displays a potential difference of 0.32 V at pH = 1.  This observation suggests that a new species
other than [Cu(tpa)]2+ is the active ORR catalyst.  Cyclic voltammetry studies on aqueous
solutions of [Cu(tpa)](NO3)2 demonstrated that the electrode is coated with the unknown catalyst.
Additional structural data (e.g. X-ray absorption spectroscopy) is required for the [Cu(tpa)]2+-
derived catalyst adsorbed onto the carbon surface to determine the structural modifications
required to decrease the overpotential of this effective ORR catalyst.
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3.8 Experimental
All manipulations were performed under an Ar atmosphere using standard Schlenk
techniques, unless otherwise noted.  Ligands tpa,
20
 tpa-Piv2 and tpa(NH2)2,
21,22
 and dpa-Im
23
were synthesized as previously reported.  1-Bromoferrocene and 5-Brtpa were prepared
according to literature methods.
24,25
  All other reagents were purchased from Sigma-Aldrich and
Matrix Scientific.  Solvents were HPLC-grade and dried by filtration through activated alumina
or distilled under nitrogen over an appropriate drying agent. All other commercial reagents were
used as received without further purification.  1H NMR spectra were acquired using a Varian 500
spectrometer.  1H NMR signals are referenced to the residual solvent signal.26  Chromatography
was conducted with Siliaflash® P60 from Silicycle (230-400 mesh).
Electrochemical measurements.   Compounds  [Cu(tripic)(NCMe)]+ a n d
[Cu2(bistripic)(NCMe)2]
2+  were synthesized as previously reported.27,28  1H NMR spectra of both
compounds matched the literature values.  Carbon-supported catalysts were prepared using
Vulcan XC-72 (Cabot Corp.) carbon black in acetonitrile.  First, 18 mg of carbon was sonicated
for 15 min to ensure maximum dispersion.  To this suspension was added 2 mg of the catalyst as
a solid.  The suspension was allowed to stand for 1 h, after which solvent was evaporated under a
stream of air.  To prepare an ink of the supported catalyst, the supported catalyst was sonicated
in water (1 mg/mL) in the presence of 5 µL of a 5 wt % solution of Nafion (Sigma-Aldrich) per 1
mL of water.  A 20 µL droplet of the ink was then evaporated onto a glassy carbon electrode (A
= 0.196 cm2) under a stream of Ar.  By elemental analysis, Cu loadings were determined to be
8.8 mg/g of supported catalyst for compound [Cu(bistripic)(NCMe)]+ and 9.2 mg/g of supported
catalyst for compound [Cu2(bistripic)(NCMe)2]
2+.  Control experiments utilized Vulcan XC-72
prepared identically but without catalyst.
Electrochemical experiments were performed in Britton-Robinson buffers consisting of
0.04 M CH3CO2H (99.99%, Sigma-Aldrich), 0.04 M H3PO4 (85 wt% in H2O, 99.99%, Sigma-
Aldrich), 0.04 M H3BO3 (99.999%, Sigma-Aldrich), and 0.1 M NaClO4 (99.9%, Sigma-Aldrich)
with Milli-Q water.  Hydrogen peroxide solutions (10 mM) were made with 30 wt% H2O2 in
water (30 wt% in H2O, Ultrex II Ultrapure, Baker).  RDE and RRDE experiments were
performed by using a glassy carbon working electrode with a Pt ring (Pine instruments), a Pt
mesh counter electrode separated by a glass frit, and a Ag/AgCl "no-leak" (ESA, Inc.) reference
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electrode separated from the working electrode by a Luggin capillary. All experiments were
performed using a CH Instruments 760C bipotentiostat and a Pine Instruments MSRX rotator.
All potentials reported were referenced to the reversible hydrogen electrode (RHE) by flushing
the cell with 1 atm of H2 and measuring the open circuit potential at the Pt ring after experiments
were completed.
Cyclic voltammetry data for [Cu(tpa)](NO3)2 and [Cu(tpa-Fc)](NO3)2 was collected using
either a BAS CV-50W or CH Instruments 600D potentiostat.  Cyclic voltammetry for
[Cu(tpa)](NO3)2 was conducted in Britton-Robinson buffer (pH = 7) using a 1 cm diameter
glassy carbon electrode, a Ag/AgCl reference electrode, and a Pt counter electrode.  Cyclic
voltammetry for [Cu(tpa-Fc)](NO3)2 was conducted in MeCN with [TBA]PF6 (0.1 M) as the
electrolyte with a 1 cm diameter glassy carbon electrode, a Ag quasi-reference electrode, and a
Pt counter electrode.
 A THF solution of ligand D (0.1 mM) was deposited onto a freshly-polished 1 cm
polycrystalline Au disk under an atmosphere of N2 for a period of 20 h.  The monolayer of D
could then be backfilled with n-butanethiol by immersing the disk into a THF solution of
n-butanethiol (0.1 mM) for 2 h.  Au disks coated with a thiol monolayer were submerged in a
0.1!mM aqueous solution of Cu(II)(ClO4)2 for 2 h, followed by thorough rinsing with portions of
H2O.  Cyclic voltammetry data for a [Cu(D)](ClO4)2 coated Au disk was collected using a CH
Instruments 760C bipotentiostat.  Experiments were conducted in 0.1 M KClO4, using a
Ag/AgCl reference electrode, and a Pt counter electrode.
tpa-Fc.   A Et2O (5 mL) solution of 1-bromoferrocene (380 mg, 1.4 mmol) and 1,2-
dibromoethane (0.21 mL, 2.4 mmol), was added dropwise to a Et2O (5 mL) suspension of Mg
turnings (120 mg, 5.0 mmol) over a period of 1 h.  Upon completion of the addition, the resulting
mixture was stirred for 1 h.  A suspension of 5-Brtpa (300 mg, 0.82 mmol) and NiCl2(dppp) (5.2
mg, 0.0095!mmol) in Et2O (10 mL) was added to the Grignard, resulting in the immediate
formation of a yellow precipitate.  The yellow mixture was refluxed over a period of 24 h.  After
cooling to room temperature, 20 mL of H2O was added to the red reaction suspension to afford a
biphasic mixture.  The layers were separated and the aqueous layer was extracted with additional
Et2O (2 !  20 mL).  The combined Et2O extracts were dried over MgSO4, filtered, and
concentrated to afford an orange oil.  Silica chromatography of the oil using a gradient eluent
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mixture of (CH2Cl2: MeOH, 99:1, 95:5) afforded the desired product as an orange solid.  Yield:
100 mg (26%).  1H NMR (CDCl3, 500 MHz): ! 3.85 (s, 2H), 3.91 (s, 4H), 4.05 (s, 5H), 4.34 (t, J
= 1.9!Hz, 2H), 4.63 (t, J = 1.9 Hz, 2H), 7.15 (ddd, J = 1.0, 4.9, 6.2 Hz, 2H), 7.49 (d, J = 8.2 Hz,
1H), 7.61 (d, J = 7.9 Hz, 2H), 7.65-7.73 (m, 5H), 8.53-8.56 (m, 2H), 8.66 (d, J = 2.1 Hz, 1H).
BrC6H4SC3H6SCPh3 (A).  A 10 mL EtOH solution 4-bromothiobenzene (1.0 g, 2.5 mmol) was
treated with a EtOH (10 mL) solution of NaOEt (0.18 g, 2.5 mmol).  The resulting colorless
suspension was heated to 60 °C for 2 h.  H2O (20 mL) was added to the mixture at room
temperature, followed by extraction with CH2Cl2 (3 " 50 mL).  The combined CH2Cl2 extracts
were dried over MgSO4, filtered, and concentrated to afford a colorless oil.  Yield: 1.2 g (95 %).
1H NMR (CDCl3, 500 MHz): ! 1.63 (pentet, J = 7.3 Hz, 2H), 2.28 (t, J = 7.2 Hz, 2H), 2.81 (t, J =
7.1 Hz, 2H), 7.08-7.12 (m, 2H), 7.18-7.43 (m, 17H).
PinBC6H4SC3H6SCPh3 (B).  Degassed 1,4-dioxane was added to a flask containing
BrC6H4SC3H6SCPh3 (770 mg, 1.5 mmol), bis(pinacolato)diboron (424 mg, 1.7 mmol), and
KOAc (223 mg, 98.15).  The mixture was stirred for 5 min, followed by the addition of
PdCl2(dppf) ·CH2Cl2 (62 mg).  The resulting dark orange mixture was refluxed overnight.  Upon
cooling to room temperature, the dark orange suspension was filtered through a 3 cm pad of
Celite and washed with Et2O (20 mL).  The filtrate was concentrated under vacuum to afford a
dark orange oil, which was passed through a 3 cm plug of Silica using CH2Cl2 as an eluent.
Concentration of the filtrate under vacuum afforded the desired product as an orange oil
(800!mg).  Note: Borate decomposition products were observed in the 1H NMR spectrum of the
sample.  The crude product was carried through to the next step.  1H NMR (CDCl3, 500 MHz):
! 1.34 (s, 12H), 1.68 (pentet, J = 7.1 Hz, 2H), 2.29 (t, J = 7.2 Hz, 2H), 2.87, (t, J = 7.3 Hz, 2H),
7.18-7.23 (m, 5H), 7.24-7.30 (m, 7H), 7.38-7.42 (m, 5H), 7.65-7.69 (m, 2H).
TPAC6H4SC3H6SCPh3 (C).  Toluene (10 mL) and THF (10 mL) were added to a flask
containing PinBC6H4SC3H6SCPh3 (500 mg, ~0.9 mmol) and 5-BrTPA (333 mg, 0.9 mmol).  The
resulting yellow solution was treated with a degassed aqueous solution of Na2CO3 (2 mL, 10 M),
which was stirred for 30 min.  Pd(PPh3)4 (13 mg, 0.01 mmol) was added to the yellow mixture,
which was subsequently refluxed over a period of 40 h.  The reaction mixture was cooled to
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room temperature, followed by the addition of H2O (20 mL) and CH2Cl2 (20 mL).  The biphasic
mixture was separated and the aqueous phase was extracted with additional portions of CH2Cl2
(2 ! 20 mL).  The combined CH2Cl2 extracts were dried over MgSO4, filtered, and concentrated
under reduced pressure to afford a yellow residue.  The yellow residue was purified via
chromatography using an eluent mixture of hexanes:Et2O (5:1) and neutral alumina as the
stationary phase to afford a yellow solid.  Yield: 240 mg (37 %).  1H NMR (CDCl3, 500 MHz):
" 1.69 (pentet, J = 7.3 Hz, 2H), 2.31 (t, J = 7.1 Hz, 2H), 2.88, (t, J = 7.4 Hz, 2H), 3.91 (s, 4H),
3.92 (s, 4H), 7.11-7.34 (m, 13H), 7.36-7.47 (m, 7H), 7.57-7.70 (m, 5H), 7.81 (dd, J = 2.3, 8.1
Hz, 1H), 8.52-8.56 (m, 2H), 8.72 (d, J = 2.3 Hz, 1H).
TPAC6H4SC3H6SH (D).  n -Butylthiol (1.5 mL) was added to a flask containing
TPAC6H4SC3H6SCPh3 (120 mg), followed by the addition of triethylsilane (27 µ L).
Trifluoroacetic acid (1.5 mL) was added dropwise to the colorless solution, gradually resulting in
a color change to bright yellow.  The yellow solution was stirred for a period of 20 h.  Volatiles
were removed in vacuo to afford a yellow residue.  Dissolution of the residue in ~1 mL CH2Cl2,
followed by the addition of 20 mL hexanes resulted in the precipitation of a yellow oil.
Decanting the mixture and washing the remaining oil with portions of hexanes (2 x 10 mL)
afforded the desired product as a light yellow oil.  Yield: 50 mg (67 %).  1H NMR (CDCl3,
500!MHz): " 1.42 (t, J = 8.3 Hz, 1H), 1.95 (pentet, J = 7.1 Hz, 2H), 2.67 (dt, J = 7.0, 8.0 Hz,
2H), 3.09, (t, J!=!7.2!Hz, 2H), 3.89 (s, 4H), 3.90 (s, 4H), 7.14-7.18 (m, 2H), 7.40-7.44 (m, 2H),
7.50-7.54 (m, 2H), 7.59 (d, J = 7.9Hz, 2H), 7.63 (d, J = 8.1 Hz, 1H), 7.68 (td, J = 1.8, 7.8 Hz,
2H), 7.85 (dd, J!= 2.4, 8.2 Hz, 1H), 8.50-8.53 (m, 2H), 8.73 (d, J = 2.3 Hz, 1H). ESI-MS
(MeOH, 25 ºC): m/z 473 [M+H]+.
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Chapter 4.
Diastereoselectivity of the Binding of Anions to the Soft Lewis Acid, [Cp*Ir(TsDPEN)]+
†
4.1 Introduction
Transfer hydrogenation (TH) catalysts specialize in the hydrogenation of polar
unsaturated substrates, acquiring hydrogen from a molecular donor rather than gaseous H2.
Catalysts that effect this reaction have found use in the stereoselective synthesis of
pharmaceuticals and in the conversion of coal to liquid fuels.  Of the many catalysts developed,
one of the most versatile and active for catalytic TH is (p-cymene)RuH(S,S-TsDPEN) (TsDPEN–
= H2NCH(Ph)CH(Ph)NTs
–), discovered by Ikariya and Noyori.1  Catalysts of type
(arene)M(diamine) exist in one of two states: an unsaturated 16e– metal center stabilized by pi-
interactions with amido (R2N
–) ligands or a saturated amino-hydride state arising from the
addition of a proton and hydride to the former state.2-6   In the catalytic cycle, this Ru(II) complex
shuttles between the ‘dehydro’ and ‘hydro’ states,  (p-cymene)Ru(TsDPEN-H) and (p-
cymene)RuH(TsDPEN), respectively.  The following Chapter focuses on a related late transition
metal congener, Cp*Ir(TsDPEN-H) (1).7  Compound 1 is also catalytically active for TH but is
more robust than the (p-cymene)Ru derivative.8
One fascinating aspect of the (arene)M(diamine) family of TH catalysts is the propensity
of the hydrogen transfer to favor a single face of the prochiral metal, affording a single hydride
diastereomer.  This selectivity is evident in the transfer of hydrogen from 2-propanol to
(p-cymene)Ru(S,S-TsDPEN-H), affording a diastereomeric ratio of >99:1 (Figure 4.1).2
Hydrogen transfer diastereoselectivity has been attributed to the steric profile generated by the
phenyl groups of the ethylene diamine ligand in synergy with the directing effect provided by the
nearby !– amido and !+ metal centers.9
                                                 
† This chapter is based on: Letko, C. S.; Heiden, Z. M.; Rauchfuss, T. B.; Wilson, S. R. Inorg. Chem. 2011, 50,
5558-5566, along with unpublished results.
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A few years ago, the Rauchfuss group and Ikariya’s and Noyori’s groups independently
reported that a third state of the TH catalysts arises by protonation of the unsaturated 16e– state
of these catalysts.10,11  Thus, protonation of 1 occurs at the amido center to afford the cation
[Cp*Ir(TsDPEN)]+ ([1H]+), which can revert back to the dehydro state when presented with a
strong enough base or coordinate the conjugate base of an acid, HX, to form [1H(X)] (Scheme
4.1).
Figure 4.1.  Diastereoselectivity of hydrogen transfer from 2-propanol to prochiral
(p-cymene)Ru(S,S-TsDPEN-H).  The transition state to form each diastereomer is depicted.
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Scheme 4.1.  Three states of half-sandwich transfer hydrogenation catalysts.
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The cation [1H]+ is a soft Lewis acid with distinctive properties.12,13  It is not poisoned by
water or many related oxygenic ligands, a property that is key to its reactivity toward H2 in polar
media.14-17  Adjacent to the vacant coordination site on the 16e– metal is an amine ligand, which
is well positioned for hydrogen-bonding to Lewis bases.  These chiral complexes add H2 with
high diastereoselectivity, because the metal is influenced by the substituents on the chiral
TsDPEN ligand.
Rauchfuss and coworkers have demonstrated that [1H]+ and related complexes bind a
wide variety of charge-neutral Lewis bases such as phosphines, CO, and ammonia.12  The Lewis
base adducts [1H(L)]+ were found to largely exist as single diastereoisomers, with the absolute
configurations at Ir being opposite to that of the TsDPEN– ligand.  In this Chapter, the binding of
anionic ligands to [1H]+ is examined.  Ikariya and coworkers have examined derivatives with a
variety of anions X–, abbreviated 1H(X).  For example, 1 adds a variety of carbon-based ligands
such as nitromethane, acetone, malonate esters, and phenylacetylene.  The alkyl complexes
(p-cymene)Ru(R)(TsDPEN) (R = Me, Et) have also been prepared, although they are thermally
labile.18  For the carboxylate derivatives 1H(O2CR), crystallographic analysis revealed
intramolecular hydrogen-bonding between the carboxylate and the amine center.19,20
This Chapter discusses the synthesis and characterization of Cp*Ir(X)(TsDPEN) adducts
(X = CN–, Me(C=NH)S–, Me(C=O)NH–).  The diastereoselectivity of HX additions to 1 was also
investigated, along with the mechanism of diastereomerization.  These findings establish the
versatility of the remarkable Lewis acid [1H]+.  Due to the variation in ligand priority assignment
between each of the X– adducts, a standard assignment of (! or ") is designated based on the
depiction in Figure 4.2.
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Figure 4.2.  Guidelines for the assignment of the diastereomers for Cp*Ir(X)(TsDPEN) adducts described
in this chapter.  The !-isomer is typically the thermodynamically favored adduct.
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4.2 Cyanide Adduct of [1H]+
The complex Cp*Ir(CN)(TsDPEN), 1H(CN), was prepared by the reaction of 1 and KCN
in methanol (eq 4.1).  Methanol serves as a proton source for the reaction, which is evidenced by
the slow formation of 1H(CN) in less acidic solvents such as MeCN.  The origin of the proton
from the solvent was verified by the addition of Et4NCN to a solution of 1 in CD3CN under
anhydrous conditions, which slowly afforded 1D(CN).  Formation of 1H(H) from the exposure
of 1 to methanol was avoided by adding a methanolic solution of KCN to solid 1.  The IR
spectrum of Cp*Ir(CN)(TsDPEN) features !CN at 2107 cm
–1, which is typical for related cyanide
complexes.21,22
(4.1)Ir
H
N
N
Ts
Ir
H2
N
TsN
C
KCN
N
1 !-1H(CN)
MeOH
1H(CN) can additionally be prepared by salt metathesis from 1H(Cl) and KCN, but the
results were slightly surprising.  First it is important to note that solutions of 1H(Cl) in MeOH
are red, indicating the presence of [1H]+. In CD3OD, the 
3J for the pair of doublets of the
TsDPEN backbone (CHPhCHPh) is 8.4 Hz vs 11.0 Hz in CD2Cl2.  The diminished coupling is
consistent with a contribution from [1H]+, wherein 3J is almost 0 Hz due to the diaxial phenyl
orientation.
According to 1H NMR spectroscopy, salt exchange between 1H(Cl) and KCN afforded a
50:50 mixture of previously observed "-1H(CN) and a second diastereomer (#-1H(CN))
(eq!4.2).
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The !-diastereomer of 1H(CN) quantitatively converts over the course of weeks to the
"-isomer.  At room temperature, isomerization of !-1H(CN) to "-1H(CN) followed first order
kinetics with a half-life greater than 20 d.  Similar behavior has been observed for the two
isomers of Cp*Ir(CO)(TsDACH).12
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A cyanide-bridged bimetallic complex can be readily prepared using the Lewis acid
[1H]+.  Thus treatment of "-1H(CN) with one equiv of [1H]BF4 gave [(1H)2(µ-CN)]BF4.  The
conversion is indicated by a shift of #CN from 2107 to 2152 cm
–1, which is in the region
Figure 4.3. First order kinetic plot for the appearance of "-1H(CN) at 23 °C.  Data points were collected
over a period of 8 d.
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characteristic of a µ-CN ligand (eq 4.3).23  On the basis of its 1H NMR spectrum,
[(1H)2(µ-CN)]BF4 exists mainly as a single diastereomer in CH2Cl2 solution.  Using the
diastereomeric mixture of 1H(CN), we generated a pair of diastereomers of [(1H)2(µ-CN)]BF4.
(4.3)
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The 1H NMR spectrum of a reaction mixture of 1H(Cl) and less than one equiv of KCN
displays signals for a 50:50 mixture of two [(1H)2(µ-CN)]
+ diastereomers (Figure 4.4). Addition
of Et4NCN to a CD3CN solution of the [(1H)2(µ-CN)]
+ diastereomers affords !- and "-1H(CN),
correlating with the diastereomeric ratio of the bimetallic precursor (Figure 4.5).  Treatment of
[(1H)2(µ-CN)]
+ with Bu4NBH4 affords 1H(H), but 
1H NMR signals corresponding to 1H(CN)
were not observed.
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Figure 4.4. 1H NMR spectrum of a CD3CN solution containing a mixture isolated from treating 1H(Cl) with
less than one equiv of KCN.  The pairs of signals corresponding to each diastereomer of [(1H)2(µ-CN)]
+ have
been annotated as ! or ".
Figure 4.5.  1H NMR spectra displaying the Cp* signals for a CD3CN solution containing a mixture of two
[(1H)2(µ-CN)]
+ diastereomers before (top) and after (bottom) the addition of NEt4CN to afford !- and "-
1H(CN).
98
These findings suggest that a proposed mechanism for the formation of two 1H(CN)
diastereomers in the reaction of 1H(Cl) with KCN could proceed through attack of CN– on
[1H]+Cl–.  The existence of the equilibrium between ionized 1H(Cl) and [1H]+Cl–  in methanol
solution would allow coordination of the compact CN– to occur on either prochiral face of the
naked cation, [1H]+.  The small steric profile of the CN– ligand along with its inability to be
stabilized through intramolecular hydrogen bonding with the amine center of [1H]+ are possible
factors that contribute to the isolated 50:50 mixture of !- and "-diastereomers.  The mixture of
1H(CN) diastereomers generated can coordinate an additional equiv of 1H(Cl) to form a 50:50
mixture of [(1H)2(µ-CN)]
+ diastereomers (observed in situ).  Presumably, dissociation of [1H]+
from the N-terminus of cyanide in [(1H)2(µ-CN)]
+ followed by coordination of CN- to [1H]+
affords 1H(CN) in a diastereomeric mixture (Scheme 4.2).  It is also conceivable that excess
cyanide could circumvent formation of [(1H)2(µ-CN)]
+ as an intermediate.
Scheme 4.2.  Proposed mechanism for the generation of diastereomers of 1H(CN) via the addition of KCN to
1H(Cl) in methanol.
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Observed in situ:
The structure of 1H(CN) was verified crystallographically (Figure 4.6).  The Ir(1)–C(32)
distance is 1.990(8) Å and the C(32)–N(3) distance was found to be 1.099 Å, both which are
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typical for related complexes.24  The Ir–C–N angle is 173.2°, tilted toward the NH2 group on the
TsDPEN backbone.  Intermolecular hydrogen-bonds exist between the IrCN and a neighboring
H2NIr at 2.906(8) Å and between a lattice water (H2O) and H2NIr at a distance of 2.962(7) Å.
4.3 Generation of a 50:50 Mixture of Hydride Diastereomers
The synthesis of 1H(BH4) was attempted by treatment of 1 with a methanolic solution of
NaBH4.  A related (BINAP)Ru(H)(BH4)(DPEN) complex had been prepared by Noyori
25 and
Morris.26  The reaction 1 + NaBH4 was found to instead afford the well known hydride 1H(H),
the proton being derived from solvent as proposed above for the cyanation.  The reaction of
NBu4BH4 with 1 and 1H(Cl) in CH2Cl2 also gave 1H(H).
Figure 4.6.  Molecular structure of !-Cp*Ir(CN)(TsDPEN) with solvates and select hydrogen atoms omitted
for clarity.  Thermal ellipsoids are shown at 50% probability.
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The usual synthesis of 1H(H) by treating 1 with methanol results in the formation of
0.8% of a minor isomer (298 K).  The reaction of NaBH4 and 1 was found to initially produce
approximately equal amounts of the two diastereomers of 1H(H).  The 1H NMR signals for the
new isomer (!-1H(H)) match with those for the minor hydride observed from the preparation
using 1 and methanol (Figure 4.7).  Crystals of the racemic mixture were obtained, but they were
featherlike and diffracted X-rays poorly.
!-1H(H) was found to slowly convert to the major diastereomer, "-1H(H), (t1/2 = 4.7 h in
CD3CN) at room temperature.  The rate of isomerization was almost unaffected by solvent
polarity (CD2Cl2, CD3CN, C6D6, see Table 4.1) as well as by the addition of PPh3.  A kinetic
isotope effect of 1.2(3) was determined from rate constants acquired for isomerizations of 1H(H)
and Cp*IrD(D2NCHPhCHPhTs) in CD2Cl2.  The rate of isomerization was unaffected when the
tosyl group was replaced by a mesyl group.27  The temperature dependence of the rate constant
over a range of 22 ºC revealed #S‡!=!138 J.mol–1K–1 (Table 4.2).
Figure 4.7. 1H NMR spectrum acquired for a CD2Cl2 solution of the mixture of "- and !-isomers of 1H(H)
generated through the reaction scheme shown above.
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Table 4.1.  Rate constants and half-life data for the isomerization of the unstable diastereomer to !-1H(H) in
several solvents at 298 K.  Samples were prepared by dissolving an isolated mixture of !- and "-1H(H) in one
of the three solvents listed in the table.
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Solvent kisom (s
-1) t1/2 (h)
CD2Cl2 7.8 # 10
-5 2.5
CD3CN 4.1 # 10
-5 4.7
C6D6 1.6 # 10
-5 12
Table 4.2. Thermodynamic parameters calculated for the isomerization of the "-isomer of 1H(H) in CD2Cl2 at
298 K.
Ea (kJ/mol) $G
‡ (kJ/mol) $H‡ (kJ/mol) $S‡ (J/mol*K)
106 67.9 109 138
Rauchfuss and coworkers previously found that the conformation of the diphenylethylene
backbone of TsDPEN is readily analyzed by 1H NMR spectroscopy by means of the coupling
constants of the methine protons.12  Upon binding a Lewis base to Ir, the phenyl groups of [1H]+
typically alter conformation from diaxial to diequatorial.  On the basis of this analysis, the
phenyl groups in "-1H(H) are diaxial: J = 4.5 Hz for CH(Ph)NH2 and a broad singlet observed
for CH(Ph)NTs.  In contrast, the phenyl groups are diequatorial in most pseudo-octahedral
Cp*Ir(X)(TsDPEN) complexes.12
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The reaction of (p-cymene)Ru(TsDPEN-H) with NaBH4 was also investigated, since this
compound is catalytically more widely utilized.  Similar to the reaction of 1 with NaBH4, the
formation of two diastereomers of (p-cymene)RuH(TsDPEN) was observed in 6:4 (!:") ratio.
The minor isomer had previously been detected at a level of ca . 1% in samples of
(p-cymene)RuH(TsDPEN).2  Configurationally analogous to !-1H(H), the diaxial conformation
of the phenyl groups for !-(p-cymene)RuH(TsDPEN) was confirmed by the small coupling
constant observed for one of the CH(Ph)NTs methine proton signals with J = 3.6 Hz (a multiplet
was observed for the signal corresponding to CH(Ph)NH2) (Figure 4.8).
In order to compare the reactivity of the " - and !-hydride isomers in transfer
hydrogenation, the isolated 6:4 diastereomeric mixture of ! :"  isomers of
(p-cymene)RuH(R,R-TsDPEN) was treated with 3.3 equiv of acetophenone, a common TH
substrate that is reduced to 1-phenylethanol.  The consumption of hydride isomers was
monitored via 1H NMR at room temperature (23 °C).  After 50 min, we observed the
consumption of 95% of the stable hydride isomer, but only 20% of the unstable isomer
(Figure!4.9).  This experiment suggests that the !-hydride isomer effects TH to acetophenone,
but at a much slower rate compared to the " -isomer.  Since the !-isomer of
(p-cymene)RuH(TsDPEN) is present in less than 1% quantity when generated by treating
Figure 4.8.  1H NMR spectrum of a CD2Cl2 solution for a mixture of "- and !-(p-cymene)Ru(H)(TsDPEN)
displaying the DPEN signals.
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(p-cymene)Ru(TsDPEN-H) with 2-propanol, it is doubtful that this isomer has a significant role
in TH catalysis.
4.4 Addition of Amides to Cp*Ir(TsDPEN-H)
Acetamide was found to add to 1 to afford the corresponding amido-amine adduct,
1H(NHC(O)Me).  Unlike the previous adducts described above, solvent was not required to
provide a proton since the acetamide N–H could perform a 1,2-addition over the Ir–NH bond to
afford 1H(NHC(O)Me).  In the absence of excess acetamide, yellow solutions of the adduct were
Ru N
TsN
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H
H Ru
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N
TsH
O
Ru
H
N
N
Ts
OH
! "
Figure 4.9.  1H NMR spectra for the reaction of a mixture of (p-cymene)RuH(R,R-TsDPEN) diastereomers
with acetophenone in CD2Cl2 at 23 °C.  The hydride signals for the !- and "-isomers are displayed and
labeled.  Equiv of (initial) acetophenone and reaction time are given on the left of each spectrum.
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found to slowly revert to the precursor, indicated by a light-red tint to the solution’s color (eq
4.4).
MeC(O)NH2
Ir
H
N
N
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1
Ir N
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1H(NHC(O)Me)
(4.4)H
H
! 
Keq =
[1H(NHC(O)Me)]
[1][MeC(O)NH2]
In CD3CN solution at 298 K, Keq was calculated to be 3.3(1) ! 10
2 M-1. Saturated samples of
1H(NHC(O)Me) in MeCN eventually afford the adduct as a precipitate, but redissolve to afford a
mixture of 1, MeC(O)NH2 and 1H(NHC(O)Me.
The 1H NMR spectrum of 1H(NHC(O)Me) displays a singlet at " 5.13 (CD3CN) that is
assigned to the MeC(O)NHIr, 0.4 ppm upfield of free acetamide.  A broad triplet at " 11.24 in
the 1H NMR spectrum is consistent with one of the diastereomeric NH2 signals of TsDPEN that
is hydrogen-bonded to the amide.  This assignment was confirmed by 2D 1H-1H correlation
spectroscopy, which indicated that the downfield N–H signal is spin-coupled to the H2NCH
proton and the second diastereotopic amine-proton of the TsDPEN ligand (Figure 4.10).  Only a
single diastereomer was observed by 1H NMR spectroscopy.
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Ikariya and coworkers have isolated the analogous (p-cymene)Ru(amidate)(MsDPEN)
(amidate = NHC(O)C(CN)(CH3)CH2C6H5, Ms = mesyl), where the amidate NH coordinates to
the Ru center.  1H NMR resonances for the NH (! 6.00) and NH2 group of MsDPEN (! 9.62) of
Ikariya’s complex are similar to the corresponding signals observed for 1H(NHC(O)Me).28
Several other compounds feature N-bonded iridium amides, often formed from the hydrolysis of
coordinated MeCN.29-32  Qualitative tests showed that formamide and benzamide also add to 1.
The sulfur analogue of acetamide, thioacetamide, was found to add more strongly to 1.
The reaction of stoichiometric amounts of 1 and the thioamide gave the 1H(SC(NH)Me) adduct
in analytical purity.  Crystallographic analysis confirmed the presence of the S-bonded tautomer
(Figure 4.11).  Although poised for intramolecular hydrogen-bonding to form a 6-atom ring, the
imine-N was not found to interact with the NH2 of TsDPEN in the solid state.  Rather, the
coordinated imine was found to engage in intermolecular hydrogen-bonding with the H2N group
of a neighboring Ir-adduct (dN-H2N = 2.925(5) Å).
Figure 4.10. 1H-1H-COSY NMR spectrum of 1H(NHCO)Me), acquired in CD3CN, displaying correlation
between the downfield triplet at ! 11.24 with the TsDPEN amine and C–H protons.
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Figure 4.11.  Molecular structure of !-Cp*Ir(SC(NH)Me)(TsDPEN) with select hydrogen atoms omitted for
clarity.  The thermal ellipsoids are shown at 50% probability level.
Although a single isomer crystallized, two diastereomers of 1H(SC(NH)Me) were
evident in fresh solutions.  These are most readily distinguished by imine NH signals at " 7.8 and
8.1 (CD2Cl2).  One of the diastereomers appears to feature a strong hydrogen-bond between the
imine and amine, indicated by the deshielded 1H NMR signal at " 11.30.  The NH2 signals for the
more stable diastereomer do not display this low-field feature (" 7.48 and 4.06).  One isomer
exhibits sharp Cp* and TsDPEN signals in the 1H NMR spectrum, whereas the other isomer
features broadened signals for the Cp* and TsDPEN groups.  The two isomers were not found to
coalesce over a temperature range of -30 to 40 °C.  These isomers are proposed to differ with
respect to coordination of the thioacetamide anion to the R- or S-face of [1H]+ (eq 4.5).
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The diastereomeric ratio of dissolved samples of 1H(SC(NH)Me) was observed to
change drastically over a period of hours.  At 23 ºC, 1H(SC(NH)Me) was found to
diastereomerize via a first order pathway at 1.5 ! 10-4 s-1 (t1/2 ~ 1.3 h) (Figure 4.12), slightly faster
than the rates for the isomerization of 1H(H) and much faster than the isomerization rate
observed for 1H(CN).
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Figure 4.12.  Exponential fit applied to a plot of concentration (M) vs. time (s) for the isomerization of
1H(SC(NH)Me) at 23 °C in CD2Cl2 (Red = "-isomer, Black = #-isomer).
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4.5 Additional Examples of Cp*Ir(X)(TsDPEN) Adducts
*
Similar to acetamide, 2-pyridone was found to react with 1 to afford the N-coordinated
pyridonate adduct, 1H(2-pyridonate). Pyridone is sufficiently acidic (pKa = 8.26 in MeCN
solution) relative to [1H(NCMe)]+ (pKa = 21 in MeCN) that a stable adduct of type
1H(2-pyridonate) was anticipated.10,33  Unlike acetamide, a stoichiometric amount of 2-pyridone
was found to add to 1 in complete conversion to 1H(2-pyridonate).
Interestingly, the 1H NMR spectrum of 1H(2-pyridonate) displays signals for two
diastereomers, unlike the weaker binding acetamido anion (eq 4.6).
(4.6)Ir
H
N
N
Ts
Ir
H2
N
N
2-pyridone
1
N
O
Ir
H2
N
N
Ts
N
O
!-1H(2-pyridonate) "-1H(2-pyridonate)
Ts
Hydrogen-bonding between the axial proton on the amine of 1H(2-pyridonate) and the
carbonyl group of the 2-pyridonate ligand was indicated by the downfield shift of the N–H 1H
NMR signal at ! 11.51.  Crystallographic characterization of 1H(2-pyridonate) confirmed the
intramolecular hydrogen-bonding, with dPyO---NH2 = 2.761(5) Å.  The molecular structure is of the
"-diastereomer of 1H(2-pyridonate), which displays diaxial phenyl groups similar to the
configuration observed spectroscopically for "-1H(H).  In solution, 1H NMR data for the
diastereomeric mixture of #- and "-1H(2-pyridonate) contradicts the diaxial configuration of the
phenyl groups observed in the solid state, with 3J  = 11 Hz for the CHNTs signal of each
diastereomer.  This comparison implies that population of the diaxial phenyl configuration for
"-1H(2-pyridonate) is low in solution.  Unlike 1H(CN), 1H(H), and 1H(SC(NH)Me), isomers of
1H(2-pyridonate) were not found to isomerize to a thermodynamically favored diastereomer.
1H(Cl) was found to undergo salt metathesis with NaNO2 to afford a single diastereomer
of the adduct, 1H(NO2) (eq 4.7).  A downfield signal (! 6.65) corresponding to the amine proton
                                                 
* A coworker, Zachariah M. Heiden, synthesized and characterized the anion adducts of [1H]+ described in this
section that provide insight for the diastereoselectivity of anion coordination.
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of TsDPEN is indicative of intramolecular hydrogen-bonding with the coordinated NO2 anion
(! 4.42 for 1H(Cl)), similar to acetate and formate adducts.12,19  Crystallographic characterization
of the analogous (CpMe4H)Ir(NO2)(TsDPEN) complex confirmed the hydrogen-bonding
interaction between the NH2 and the N-coordinated nitrito anion (dH2N–ONO = 2.742(3) Å).
(4.7)
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Although the thioanions MoS4
2-
 and WS4
2-
 have been well studied as
“metalloligands”,
34,35
 complexes of the type (µ-"1,"1-MS4)(MLx)2 or esters such as MoS2(SR)2
remain unknown.
36-38
  Our group prepared the first example of such through the reaction of
(Et4N)2MoS4 with two equiv of [1H]BF4 (eq 4.8).
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[Et4N]2MoS4 Ir
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TsN S
Mo
S
S Ir
H2N NTsS
(4.8)
[1H]+ [1H]2(MoS4)
 0 °C
[1H]2MoS4, although thermally unstable, was characterized by NMR and IR spectroscopies,
which indicated a single diastereomer having MoS4
–
 coordinate to each Ir center as the
# -diastereomer.  Similar results were obtained for the green WS4
2-
 derivative.
Diastereoselectivity of a bimetallic adduct had been previously observed for [(1)2dppe]
2+
.
12
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4.6 Proposed Mechanism for the Diastereomerism
In general, the initial binding of anions to [1H]+ is unselective, but the equilibrium
diastereoselectivities are high.  Supporting this view, basic ligands that would be expected to
bind strongly generate observable amounts of the !-diastereomer.  In contrast, weakly basic
anions (e.g. nitrite, tetrathiomolybdate) or ligands that eliminate readily (acetamide), gave only
the thermodynamically-stable "-isomer.
Diastereomerization is proposed to occur via two pathways.  For weakly basic ligands
(acetamido, nitrito, chloride), only a single diastereomer is observed.  For these anions,
diastereomerization is assumed to involve a fast elimination-readdition pathway, either by
dissociation of the anionic ligand or its conjugate acid.  More interesting is the isomerization
mechanism for tightly bound, basic ligands such as cyanide and hydride.  In these cases,
dissociation of the anion is unlikely.  A dissociative pathway for the hydride is precluded
because the rate of addition of H2 to 1 is too slow, requiring days at 1 atm of H2.  Instead,
diastereomerization is proposed to involve opening of the Ir(TsDPEN) ring in a hemi-labile
manner.  One can envision dissociation of the amine or the tosylamido ligands followed by
reattachment of this group to the opposite face of the 16e– intermediate (Scheme 4.3).
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Scheme 4.3.  Top:  Two possible pathways for the diastereomerization mechanism involving elimination and
readdition of a weakly basic anion, using 1H(NH(CO)Me) as an example.  Bottom: Two pathways for the
chelate-ring opening mechanism proposed for the diastereomerization of 1H(H).
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4.7 Conclusions
This Chapter described the wide variety of soft anionic ligands that coordinate [1H]+.
Preparation of the adducts reported was performed using two methods: (i) stable anions were
combined directly with [1H]+ and (ii) for less accessible anions, the corresponding conjugate
acids were added to 1.  This methodology has afforded the first structurally characterized
example of a monodentate thioacetamido complex39 and the first derivative of the type
MoS2(SR)2.
36
The observation of metastable diastereomers of 1H(H) and (p-cymene)RuH(TsDPEN) is
noteworthy because of the utility of these compounds as enantioselective catalysts for
asymmetric transfer hydrogenation.40,41  The high enantioselectivity arises because (i) the
catalysts form hydrides with high diastereoselectivity from hydrogen donors (formate, alcohols,
etc.) and (ii) the resulting hydrides diastereoselectively transfer H2 to prochiral substrates.  The
observation that using BH4
–/ROH as a source of H2 results in almost no diastereoselection was
surprising, and the resulting mixture of diastereomers is stable for many hours.  The uncommon
diastereomer is competent for transfer hydrogenation, but is slow.  The differing rates probably
arise from the hindered substrate accessibility for the !-isomer, due to the diaxial phenyl groups.
The diaxial phenyl groups are proposed to result from dihydrogen-bonding between the hydride
ligand and the amine group only being accessible in this conformation for the !-isomer
(Figure!4.13).42  A diequatorial phenyl group configuration for the !-diastereomer would place
the amine N–H equatorial.  Dihydrogen-bonding is observed crystallographically between the
amine N–H and Ru–H for the "-isomer of (p-cymene)RuH(TsDPEN).2
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Figure 4.13.  Proposed conformations of the " - and ! -diastereomers of Cp*IrH(S,S-TsDPEN).  Similar
conformations apply also to (p-cymene)RuH(TsDPEN).
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Although the binding of hard Lewis bases to [1H ]+ is usually unfavorable (e.g.
phenoxide), binding affinities can be enhanced by intramolecular hydrogen-bonding.  This
additional interaction is proposed to influence the affinity of 1 for amides and 2-pyridone, even
though [1H]+ shows no affinity for pyridine itself.12  The influence of hydrogen-bonding by
2-pyridonate is sufficient to stabilize the !-isomer of 1H(2-pyridonate), at least in the solid state.
The hydrogen-bonding interaction proposed to stabilize 1H(NHC(O)Me) is weaker than in the
pyridonate complex, reflecting the reduced tendency of simple amides to engage in hydrogen-
bonds.43
4.8 Experimental
All synthetic manipulations were performed in air unless noted.  TsDPENH was prepared
according Noyori and coworkers.44  The preparations of Cp*Ir(TsDPEN-H) (1),
[Cp*Ir(TsDPEN)]BF4 ([1H]BF4), and (p-cymene)Ru(TsDPEN-H) have been described.
2,12,15
Other reagents were obtained from conventional commercial sources or were prepared by
standard methods.45  1H and 13C NMR spectra were referenced to the residual solvent peaks.46
Exponential fitting of data was applied using Origin software, by OriginLab.  The equation used
to fit the collected data was:
! 
y =  Ae
R 0x +  y0
Cp*Ir(CN)(TsDPEN), 1H(CN).  Two mL of a 0.072 M KCN in MeOH solution were added to
100 mg (0.144 mmol) of solid 1 (Note: Cp*Ir(TsDPEN-H) was not initially dissolved in MeOH
to avoid formation of 1H(H) via hydrogen transfer).  The resulting yellow solution was allowed
to stir for 5 min. before solvent was removed under reduced pressure.  The pale red residue was
recrystallized from CH2Cl2 solution with hexane to afford a pale yellow solid.  Slow diffusion of
a CH2Cl2 solution of the solid into hexane gave pale yellow crystals suitable for crystallographic
analysis.  Yield: 68 mg (66%).  IR: "CN (KBr) = 2107 cm
-1.  1H NMR (500 MHz, CDCl3): # 1.86
(s, 15H, Cp*, !) 1.94 (s, 15H, Cp*, $), 2.20 (s, 3H, SO2C6H4-4-CH3, !), 2.21 (s, 3H, SO2C6H4-4-
CH3, $ ), 3.60 (ddd, 2.5, 10.8, 13.0 Hz, 1H, H2NCHPhCHPhNTs, $), 3.84 (br m, 1H,
H2NCHPhCHPhNTs, !), 4.01 (br s, 4.13, HHNCHPhCHPhNTs, $), 4.19 (d, 1H, 11.0 Hz,
H2NCHPhCHPhNTs, $ ), 4.39 (br m, 1H, HHNCHPhCHPhNTs, !), 4.58 (br m, 1H,
HHNCHPhCHPhNTs, !), 4.60 (d, 9.0 Hz, H2NCHPhCHPhNTs, ! ), 4.84 (br m, 1H,
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HHNCHPhCHPhNTs, !), 6.62-7.46 (m, 28H, phenyl).  The same compound was prepared by
addition of 1 mL of a 0.14 M KCN in MeOH solution that was 0.028 M in 1H(Cl).  Yield: 75 mg
(74%). When 1 is treated with Et4NCN in CD3CN the signal at " 3.60 appears as a doublet
assigned to the NDH proton.  Anal. Calcd for C31H36IrN3O4S·CH2Cl2·0.75H2O: C, 48.49; H, 4.87;
N, 5.14.  Found: C, 48.29; H, 4.69; N, 4.98.
Cp*IrH(TsDPEN) isomer mix, !-1H(H) and #-1H(H).  Under an atmosphere of Ar, 1 (0.5 g,
0.72 mmol) was treated with NaBH4 (68 mg, 1.8 mmol) in MeOH (5 mL) while stirring to afford
a yellow mixture.  After 2 min the solvent was removed under reduced pressure.  The remaining
residue was extracted with CH2Cl2 (3 $  10 mL).  The combined extracts concentrated under
reduced pressure to afford a yellow solid.  Yield: 330 mg (66%).  1H NMR (500 MHz, CD2Cl2):
" -11.49 (s, 1H, Ir-H, #), -10.12 (s, 1H, Ir-H, !), 1.63 (s, 15H, Cp*, #), 1.89 (s, 15H, Cp*, !),
2.28 (s, 3H, SO2C6H4-4-CH3, # ), 2.35 (s, 3H, SO2C6H4-4-CH3, ! ), 3.36 (d, 11 Hz, 1H,
HHNCHPhCHPhNTs, #), 3.58 (d, 10.2 Hz, 1H, HHNCHPhCHPhNTs, !), 3.69 (ddd, 3.2, 9.6,
12.6 Hz, 1H, H2NCHPhCHPhNTs, !), 3.77 (d, 4.7 Hz, 1H, H2NCHPhCHPhNTs, #), 4.10
(t,!11.5 Hz, 1H, HHNCHPhCHPhNTs, !), 4.16 (d, 9.6 Hz, 1H, H2NCHPhCHPhNTs, !), 4.71
(s,!1H, H2NCHPhCHPhNTs, #), 4.73 (br s, 1H, HHNCHPhCHPhNTs, #), 6.80-7.75 (m, 28H).
1H NMR (500 MHz, CD3CN): " -11.75 (s, 1H, Ir-H, #), -10.74 (s, 1H, Ir-H, !), 1.64 (s, 15H,
Cp*, #), 1.87 (d, 0.8 Hz, 15H, Cp*, ! ), 2.28 (s, 3H, SO2C6H4-4-CH3, # ), 2.38 (s, 3H,
SO2C6H4-4-CH3, !), 3.68 (ddd, 3.6, 9.2, 12.1 Hz, 1H, H2NCHPhCHPhNTs, !), 3.73 (m, 1H,
H2NCHPhCHPhNTs, #), 3.91 (d, 11.1 Hz, 1H, HHNCHPhCHPhNTs, #), 4.15 (d, 9.2 Hz, 1H,
H2NCHPhCHPhNTs, !), 4.24 (t, 11.2 Hz, 1H, HHNCHPhCHPhNTs, !), 4.40 (d, 10.6 Hz, 1H,
HHNCHPhCHPhNTs, !), 4.57 (s, 1H, H2NCHPhCHPhNTs, #), 4.91 (d, 8.7 Hz, 1H,
HHNCHPhCHPhNTs, #), 6.85-7.74 (m, 28H).
(p-cymene)RuH(R,R-TsDPEN) isomer mix (!  + #). The preparation of this compound was
similar to the mixture of ! and #-1H(H) (see above), starting with precursor (cymene)Ru(R,R-
TsDPEN-H) (100 mg, 0.17 mmol) to afford a mixture of (p-cymene)RuH(R,R-TsDPEN) ! and #
isomers as a brown solid.  Yield: 28 mg (28%).  1H NMR (500 MHz, CD2Cl2): " -6.13 (s, 1H,
Ru-H, #), -5.82 (s, 1H, Ru-H, !), 1.27 (d, 6.6 Hz, 3H, CH(CH3)2, #), 1.29 (d, 6.9 Hz, 3H,
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CH(CH3)2, !), 1.29 (d, 6.9 Hz, 3H, CH(CH3)2, "), 1.34 (d, 6.9 Hz, 3H, CH(CH3)2, !), 1.95 (s,
3H, CH3 cymene, "), 2.30 (s, 3H, SO2C6H4-4-CH3, "), 2.33 (s, 3H, CH3 cymene, !), 2.37 (s, 3H,
SO2C6H4-4-CH3, !), 2.61 (m, 1H, CH(CH3)2, "), 2.71 (m, 1H, CH(CH3)2, !), 3.22 (t, 12.1 Hz,
1H, HHNCHPhCHPhNTs, !), 3.31 (m, 1H, HHNCHPhCHPhNTs, "), 3.51-3.60 (m, 2H,
HHNCHPhCHPhNTs, ! + " ), 3.72 (m, 1H, H2NCHPhCHPhNTs, "), 3.81 (d, 9.8 Hz, 1H,
H2NCHPhCHPhNTs, !), 4.06 (ddd, 3.1, 9.9, 12.9 Hz, 1H, H2NCHPhCHPhNTs, !), 4.37 (dd,
1.0, 5.8 Hz, 1H, C6H4 cymene, "), 4.73 (d, 3.6 Hz, 1H, H2NCHPhCHPhNTs, "), 4.82 (dd, 0.8,
5.8 Hz, 1H, C6H4 cymene, !), 4.86 (d, 5.7 Hz, 1H, C6H4 cymene, "), 5.00 (dd, 1.0, 5.7 Hz, 1H,
C6H4 cymene, !), 5.26 (d, 5.7 Hz, 1H, C6H4 cymene, "), 5.34 (d, 5.7 Hz, 1H, C6H4 cymene, !),
5.41-5.44 (m, 2H, C6H4 cymene, ! + "), 6.75-7.48 (m, 28H).
[Cp*2Ir2(TsDPEN)2(µ-CN)]BF4.   A 6.4 mL aliquot of 0.016 M solution of
[Cp*Ir(TsDPEN)]BF4 in MeCN was added to 11 mL of a 0.01 M solution of
Cp*Ir(CN)(TsDPEN) in MeCN.  The resulting pale red solution was allowed to stir for 5 min
before the solvent was removed under reduced pressure.  The red residue was recrystallized from
a minimum volume of CH2Cl2 by the addition of hexane, affording a pale yellow solid.  Yield:
126 mg (81%).  IR (KBr): #CN = 2152 cm
-1.  1H NMR (500 MHz, CD2Cl2): $ 1.91 (s, 15H, Cp*),
2.00 (s, 15H, Cp*), 2.177 (s, 3H, SO2C6H4-4-CH3), 2.182 (s, 3H, SO2C6H4-4-CH3), 3.68 (ddd,
2.7, 11.2, 13.2 Hz, 1H, H2NCHPhCHPhNTs), 3.75 (ddd, 2.7, 11.2, 13.2, 1H,
H2NCHPhCHPhNTs), 4.54 (d, 11.2 Hz, 1H, H2NCHPhCHPhNTs), 4.79 (d, 11.2 Hz, 1H,
H2NCHPhCHPhNTs), 6.54-7.40 (m, 28 H).
Cp*Ir(NH(CO)Me)(TsDPEN), 1H(NH(CO)Me).  A solution of acetamide (1.2 mL, 0.14 M) in
MeCN was added to a flask containing 100 mg (0.14 mmol) of solid 1.  The purple solution was
allowed to stir overnight, affording a yellow precipitate.  The precipitate was filtered off and
washed with hexane (3 x 5 mL).  Yield: 50 mg (46%).  1H NMR (500 MHz, CD3CN): $ 1.73 (s,
15H, Cp*), 1.98 (s, 3H, H3CCONHIr), 2.18 (s, 3H, SO2C6H4-4-CH3), 3.61 (ddd, 3.4, 11.4, 12.5
Hz, 1H, H2NCHPhCHPhNTs), 4.17 (br d, 1H, HHNCHPhCHPhNTs), 4.26 (d, 11.2 Hz, 1H,
H2NCHPhCHPhNTs), 5.12 (br s, 1H, H3CCONHIr), 6.59 – 7.62 (m, 14H), 11.24 (br t, 11 Hz,
1H, HHNCHPhCHPhNTs).  Upon dissolving the sample in CD3CN, the yellow solution turned
purple concomitant with the appearance of signals for 1 in the 1H NMR spectrum.
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Cp*Ir(S(CNH)Me)(TsDPEN), 1H(S(CNH)Me).  Under an atmosphere of Ar, a solution of 1.6
mL of a 0.09 M thioacetamide in MeCN was added to 5 mL of a 0.03 M 1 in MeCN solution.
The resulting yellow solution was allowed to stir for 5 min before removing the solvent under
reduced pressure.  The resulting yellow solid was recrystallized from CH2Cl2 solution by the
addition of hexane to afford a deep yellow solid.  The resulting solid is air sensitive and will
degrade upon exposure to water.  Slow diffusion of a CH2Cl2 solution of the solid into hexane
resulted in light yellow crystals suitable for crystallographic analysis.  Yield: 78 mg (71%).  1H
NMR (500 MHz, CD2Cl2): ! 1.76 (s, 15H, Cp*, "), 1.81 (s, 15H, Cp*, #), 2.19 (s, 3H, "), 2.23
(s, 3H, #), 2.35 (s, 3H, "), 2.73 (d, 0.9 Hz, 3H, "), 3.22 (br d, 1H, HHNCHPhCHPhNTs, "), 3.60
(m, 2H, H2NCHPhCHPhNTs, # + "), 4.06 (br d, 1H, HHNCHPhCHPhNTs, #), 4.20 (d, 11.1 Hz,
1H, H2NCHPhCHPhNTs, #), 4.26 (d, 10.8 Hz, 1H, H2NCHPhCHPhNTs, "), 6.53 – 7.33 (m,
28H, phenyl), 8.02 (br s, 1H, HHNCHPhCHPhNTs, #), 7.48 (br t, 1H, HHNCHPhCHPhNTs, #),
7.84 (s, 1H, S(CNH)Me, "), 8.06 (s, 1H, S(CNH)Me, #), 11.30 (br t, 1H, HHNCHPhCHPhNTs,
" ).  The 1H NMR spectrum was invariant from –30 to 40 ºC.  Anal. Calcd for
C33H40IrN3O2S2·CH2Cl2: C, 47.93; H, 4.96; N, 4.93. Found: C, 47.66; H, 4.83; N, 4.87.
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Kinetic measurement of !-1H(CN) isomerization.
Sample preparation: Dry CD3CN (0.68 mL) was distilled into a J. Young NMR tube containing a
sample of 1H(CN) containing an approximate 50:50 mix of the two isomers.  Integration of the
data was performed by standardizing the Cp* signals for each isomer against a known
concentration of trimethoxybenzene (0.13 M).  First order rate constants were acquired by fitting
a line to a plot of Ln[Cp*] vs time (s) (Figures 4.14).
!-1H(CN) Isomer 1st Order Plot
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Figure 4.14.  First order kinetic plot for disappearance of !-1H(CN) at 23 °C.
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Kinetic measurements of !-1H(H) isomerization.
Sample preparation:  Dry solvent was distilled into a J.Y. tube containing a sample of 1H(H)
containing an approximate 50:50 mixture of the two isomers.  Integration of the data was
performed by standardizing the Cp* signal of the !-isomer against a known concentration of one
of the following internal standards: hexamethylbenzene or trimethoxybenzene.  First order rate
constants were acquired by fitting plots of the concentration of !-1H(H) (M) vs time (s) with an
exponential curve.
Figure 4.15.  Stacked 1H-NMR spectra plot displaying the growth of the "-1H(H) isomer and decay of the !-
1H(H) isomer over a period of 16 h.
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Figure 4.16. Exponential fit applied to a plot of concentration (M) vs. time (s) for the isomerization of
!-1H(H) at 23 °C in CD2Cl2.
Figure 4.17. Exponential fit applied to a plot of concentration (M) vs. time (s) for the isomerization of
!-1H(H) at 23 °C in CD3CN.
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Figure 4.18. Exponential fit applied to a plot of concentration (M) vs. time (s) for the isomerization of
!-1H(H) at 23 °C in C6D6.
Kinetic isotope effect experiments were performed in a similar manner to the isomerization rate
measurements.  Cp*IrD(D2NCHPhCHPhNTs) was synthesized by reacting 1 with NaBD4 in
CD3OD.
Table 4.3. First order rate constants measured for the isomerization of the !-isomer of 1H(H) and 1D(D) in
CD2Cl2 at 45 °C.
Run 1H(H) kHisom (s
-1) 1D(D) kDisom (s
-1)
1 1.6 " 10-3 1.3 " 10-3
2 1.6 " 10-3 1.3 " 10-3
3 1.7 " 10-3 1.2 " 10-3
Mean Error 3.3 " 10-5 3.3 " 10-5
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Figure 4.19. Exponential fit applied to a plot of concentration (M) vs. time (s) for the isomerization of
!-1H(H) at 45 °C in CD2Cl2.
Figure 4.20. Exponential fit applied to a plot of concentration (M) vs. time (s) for the isomerization of !-1D(D)
at 45 °C in CD2Cl2.
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Eyring Plot for the Isomerization of !-1H(H).
Sample preparation:  Dry CD2Cl2 was distilled into a J. Young NMR tube containing a sample of
1H(H) containing an approximate 50:50 mix of the two isomers.  Integration of the data was
performed by standardizing the Cp* signal of the b-isomer against a known concentration of
hexamethylbenzene as an internal standard. First order rate constants were acquired by fitting
plots of the concentration of !-1H(H) (M) vs time (s) with an exponential curve.  Experiments
were performed in triplicate at each temperature.
Sample exponential plots for each temperature measured (see Figure 4.16 for 23 °C and Figure
4.19 for 45 °C):
Figure 4.21. Exponential fit applied to a plot of concentration (M) vs. time (s) for the isomerization of
!-1H(H) at 33 °C in CD2Cl2.
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Figure 4.22. Exponential fit applied to a plot of concentration (M) vs. time (s) for the isomerization of
!-1H(H) at 38 °C in CD2Cl2.
Table 4.4. First order rate constants measured for the isomerization of the !-isomer of 1H(H) at 23, 33, 38,
and 45 °C in CD2Cl2.
Run kisom at 23 °C (s
-1) kisom at 33 °C (s
-1) kisom at 38 °C (s
-1) kisom at 45 °C (s
-1)
1 8.4 " 10-5 3.4 " 10-4 6.4 " 10-4 1.6 " 10-3
2 8.2 " 10-5 3.2 " 10-4 6.2 " 10-4 1.6 " 10-3
3 7.8 " 10-5 3.7 " 10-4 6.2 " 10-4 1.7 " 10-3
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Eyring Plot for the Isomerization of !-1H(H) 
y = -13068x + 40.424
R2 = 0.9984
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Figure 4.23. Eyring plot for the isomerization of !-1H(H) in CD2Cl2.
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van't Hoff Plot for the Isomerization of !-1H(H)
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Figure 4.24. van’t Hoff plot for the isomerization of !-1H(H) in CD2Cl2.
TH of "- and !-(p-cymene)RuH(R,R-TsDPEN).
Sample preparation:  In a glove box under an atmosphere of N2, a NMR tube was charged with
an isolated mixture of "- and !-(p-cymene)RuH(R,R-TsDPEN) (8 mg, 13 mmol) and degassed
CD2Cl2 (0.75 mL).  The NMR tube was capped with a rubber septum.
Measurement:  A background 1H NMR spectrum was acquired at 23 °C for the brown solution of
(p-cymene)RuH(R,R-TsDPEN) in CD2Cl2.  Acetophenone (5 µL, 0.043 mmol) was added to the
NMR tube via microsyringe, and the NMR tube was shaken to ensure mixing.  1H NMR data was
acquired 5 min and 50 min after the addition of acetophenone, over which time the brown
solution had turned purple.
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Kinetic measurement of !-1H(SC(NH)Me) isomerization.
Sample preparation:  Dry CD2Cl2 (0.65 mL) was distilled into a J. Young tube containing a
sample of 1H(SC(NH)Me) as a mixture of the two isomers.  Integration of the data was
performed by standardizing the Cp* signals for each isomer against a known concentration of
trimethoxybenzene (0.16 M).  First order rate constants were acquired by fitting the
concentration vs time plot with an exponential curve.
Calculation of Keq for 1 + acetamide.
1 + acetamide 1H(NHC(O)Me)
Sample preparation: CD3CN (0.71 mL) was added to a J. Young NMR tube containing 1 (8 mg,
0.011 mmol) to afford a purple solution.  A 0.12 M CD3CN solution of 1,3,5-trimethoxybenzene
(TMB) (20 mL, 0.0024 mmol) was added to the NMR tube.  Acetamide was added to the NMR
tube solution using a stock 0.42 M CD3CN solution, where 27.5 µL equals one equiv.  Additions
of 0.5, 0.75, and 1.0 equiv of acetamide were each monitored at room temperature (296 K) until
equilibrium was reached.
Data analysis:  The integrals for the Cp* signals of 1 and 1H(NHC(O)Me) and the Me signal for
free acetamide were normalized using the Me signal of TMB.
Sample calculation for Keq with 0.5 equiv acetamide:
[1] = 6.7 x 10-3 M
[1H(NHC(O)Me)] = 4.2 x 10-3 M
[MeC(O)NH2] = 1.9 x 10
-3 M
! 
Keq =
[1H(NHC(O)Me)]
[1][MeC(O)NH2]
=
[4.2 "10#3]
[6.7 "10#3][1.9 "10#3]
= 330 M#1
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Table 4.5. Equilibrium constants calculated for various equiv of acetamide.
Equiv Acetamide Keq (M
-1) (296 K)
0.5 330
  0.75 338
1.0 334
Figure 4.25. 1H NMR (CD3CN, 296 K) spectra for each acetamide addition (0.5, 0.75 and 1.0 equiv acetamide)
to 1 at equilibrium, displaying the Cp* signals for 1H(NH(CO)Me) and 1 along with the methyl group of free
acetamide.
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Chapter 5.
Adaptation of the Hydrogenation Catalyst [Cp*Ir(TsDPEN)]+ to Aqueous Media
†
5.1 Introduction
Numerous amine-containing hydrogenation catalysts have been reported in recent years,
many being inspired by Ikariya and Noyori’s pioneering work on transfer hydrogenation (TH)
catalysis featuring the (p-cymene)RuH(TsDPEN) motif (TsDPEN– = H2NCHPhCHPhNTs
–).1,2
These catalysts efficiently transfer  hydrogen atoms from H2-donors such as isopropanol and
formic acid3 to polar unsaturated substrates such as ketones. Despite this ability to transfer
hydrogen from one organic species to another, the catalysts are virtually unreactive toward the
simplest hydrogen donor, H2.
2,4  Recently, however, it was discovered that these amido
complexes can be easily converted into catalysts for asymmetric hydrogenation (AH), spawning
renewed interest in the amine/amido ligand platform.5-9
                                                 
† This chapter is based on: Letko, C. S.; Heiden, Z. M.; Rauchfuss, T. B. Eur. J. Inorg. Chem. 2009, 4927-4930,
along with unpublished results.
Scheme 5.1.  Proposed mechanism for the catalytic hydrogenation of ketones by
[(p-cymene)Ru(S,S-TsDPEN)]+.
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The key insight is that protonation of 16e– diamido complexes generates cationic
derivatives that are sufficiently electrophilic to activate H2 directly.
10,11  Upon exposure to H2,
these cationic complexes convert to amino-hydrides that, in turn, reduce ketones and imines
following the pathway for traditional TH catalysis (Scheme 5.1).7,8,11  The new cationic catalysts
offer significantly broadened substrate scope for the hydrogenation of polar substrates.  In
specific examples, triflic acid (HOTf) converts (p-cymene)Ru(S,S-TsDPEN-H) and Cp*Ir(S,S-
TsDPEN-H) into [(arene)M(S,S-TsDPEN)]OTf, which activates H2 (but will not abstract H2 from
traditional hydrogen donors).8,9
Inorganic catalysts operable in aqueous media have been long sought for their ease of
separation from the organic products whose synthesis they mediate.  One example of an
industrially significant homogeneous H2O-soluble catalyst is found in the Ruhrchemie-Rhône
Poulenc process.12  In this process, propene is hydroformylated to afford butyraldehyde by a Rh
catalyst having trisulfonated triphenylphosphine ligands (Figure 5.1).  Upon completing the
reaction, the organic and aqueous phases can be separated, allowing the aqueous phase
containing the catalyst to be recycled.  Key to the Ruhrchemie-Rhône Poulenc process is the
solubility of both catalyst and feedstock in aqueous solution, as well as the product’s solubility in
an organic phase.
Much effort has been made towards utilizing TH catalysts as either AH or TH catalysts in
aqueous solution.  Due to the insolubility of many of the organometallic catalysts (e.g.
(p-cymene)RuH(TsDPEN) and Cp*IrH(TsDPEN) in aqueous solution) the addition of polar
Figure 5.1.  H2O-soluble Rh catalyst utilized in the Ruhrchemie-Rhône Poulenc process of converting
propene to butyraldehyde.
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functional groups is often required to generate an active homogeneous catalyst.  For example,
Williams and coworkers have reported that functionalization of TsDPEN with sulfonic acid
groups increases the solubility of the resulting (p-cymene)Ru complexes in aqueous solution, the
species then being capable of reducing acetophenone by TH (Figure 5.2).13  Camphor-derived
sulfonamides incorporated into Cp*Ir(RDPEN) (R = camphorsulfonyl) have also been shown to
effect transfer hydrogenation to acetophenone in neat H2O by Xiao and coworkers.
14
Although many examples exist for the adaptation of TH catalysts to H2O,
15 few reports
exist for the use of the protonated state of these catalysts in aqueous AH.16 An interesting
strategy for the solubilization of [Cp*Ir(TsDPEN)]+ ([1H ]+) or [(p-cymene)Ru(TsDPEN)]+
([2H]+) in H2O is to modulate the hydrophilicity of the counteranion.  Prior to the results
published by the Rauchfuss lab,17 there had been no examples of AH by TH catalysts soluble in
neat H2O.  This chapter focuses on methods to generate a H2O-soluble AH catalyst through the
association of [1H]+ with a hydrophilic counteranion.
5.2 Protonation of Cp*Ir(TsDPEN-H) with H3PO4
The initial discovery that H2O-insoluble [1H]X (X = OTf
–, BF4
–, PF6
–)  could be rendered
soluble in aqueous solutions was made by adding an equivalent of H3PO4 to a test tube
containing a CH2Cl2 solution of 1 layered with an equal volume of H2O (Figure 5.3).  Upon
Figure 5.2. A sample result of catalytic TH by a sulfonic acid derivative of (p-cymene)Ru(S,S-TsDPEN) to
effect the reduction of acetophenone to (R)-1-phenylethanol in aqueous solution.
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mixing the two layers, the initial purple CH2Cl2 layer was found to bleach  to an almost colorless
solution, while the aqueous phase was now red-orange in color (indicative of the presence of
[1H]+).18  Not only had protonation of 1 with H3PO4 generated a H2O-soluble salt of [1H]
+, but it
had generated a salt that preferred occupying the aqueous phase over the CH2Cl2 layer.
Performing a similar experiment with controlled stoichiometry, the addition of a single
equivalent of H3PO4 to a CH2Cl2 solution of 1 was found to generate [1H]H2PO4 according to eqn
5.1:
Cp*Ir(TsDPEN-H) + H3PO4 ! [Cp*Ir(TsDPEN)]H2PO4 (5.1)
The H2O-soluble salt, [1H]H2PO4, could be isolated as an orange solid by precipitation from a
CH2Cl2 solution by adding Et2O.  Careful stoichiometry was required in adding H3PO4 to 1, as a
slight excess of the acid was found to result in the isolation of [1H]H2PO4 as a sticky oil.
Elemental analysis of the isolated orange solid indicates a formula of
[Cp*Ir(TsDPEN)]H2PO4·H2O.
The hydrophilic nature of the dihydrogenphosphate counteranion is critical to the
solubility of [1H]+ in aqueous solution.  Previously reported [1H]+ salts, such as [1H]BF4, are
insoluble in H2O.  Protonation of 1 using sulfuric acid generated a species that is also insoluble
in H2O, which can be attributed to the lower hydrophilicity of the bisulfate anion compared to
dihydrogenphosphate.  The Hofmeister series ranks anions based upon their ability to bring order
Figure 5.3.  Solution of 1 in a 1:1 mixture of H2O and CH2Cl2 before (left) and after (right) addition of
H3PO4.
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to the hydrogen bonding network of water.19  Anions that have a higher tendency to precipitate
proteins are kosmotropes, while those that solubilize proteins are chaotropes.  The bisulfate
anion is less strongly hydrated than dihydrogenphosphate, placing it at a lower relative
kosmotrope ranking in the Hofmeister series.  Additionally, nitric acid was not found to generate
a H2O-soluble derivative of [1H]
+.  Xiao and coworkers demonstrated that a chiral binaphthyl-
phosphate counteranion can increase the enantioselectivity in AH of imines by [1H]+; however,
the hydrophobic phosphate salt requires catalysis to occur in toluene.20
An initial question arose as to whether the H2PO4
– anion coordinated to the Lewis acidic
Ir center of [1H ]+.  The cation, [1H]+, has been shown to prefer the coordination of soft
ligands,10,21 and few examples of oxanion coordination to [1H]+ have been reported.22  To probe
whether or not the solution identity of the phosphate salt was [Cp*Ir(TsDPEN)]H2PO4 or
[Cp*Ir(OP(O)(OH)2)(TsDPEN)], the chemical shift of the phosphorus atom of the phosphate
anion was compared to that of NaH2PO4 via 
31P NMR.  Both signals were found to coincide
(!"!= 0.2), suggesting that the H2PO4
– anion does not coordinate to Ir (Figure 5.4).
Figure 5.4.  Stacked 31P{1H} NMR spectra for [1H]H2PO4 (top) and NaH2PO4 (bottom) in D2O solution
(298 K).
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The 1H NMR spectrum of [1H]H2PO4 in D2O features two singlets assigned to the
ethylene diamine backbone protons (H2NCHPhCHPhNTs), suggesting that the phenyl groups are
positioned diaxially.  In CD3OD solution, coupling is resolved in the backbone protons with
J!=!3.7 Hz (Figure 5.5), much smaller than the coupling observed in the diequatorial phenyl
configuration (J = 11 Hz).10  The diaxial phenyl group configuration is characteristic of the 16e–
complex [1H]+, which relax to diequatorial upon introduction of an additional ligand to Ir.  To
further support the coordinatively-unsaturated nature of [1H]H2PO4, a solution of [1H]H2PO4
treated with CO was found to afford [1H(CO)]H2PO4 (!CO = 2057 cm
–1).  Additionally, PMe3 to
was also found to form an adduct with [1H]H2PO4, [1H(PMe3)]H2PO4 ("31P = –28.09).  The CO
and PMe3 adducts are spectroscopically analogous to previously synthesized unsaturated 16e
–
salts of type [1H]X (X = BF4
–, PF6
–, OTf–, BArF4
–).10,23
Figure 5.5.  1H NMR spectrum of [1H]H2PO4 in CD3OD solution (298 K).  Inset: Enlarged view of C–H
proton signals (H2NCHPhCHPhNTs), which exhibit small coupling constants (J = 3.7 Hz).
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The mesyl derivative, [Cp*Ir(MsDPEN)]H2PO4 ([2H]H2PO4), could also be generated in
similar fashion to that of [1H]H2PO4.
5  Addition of H3PO4 to (p-cymene)Ru(TsDPEN) affords a
H2O-insoluble product.  The observed insolubility could be attributed to the greater Lewis acidity
of the Ru center resulting in coordination of the H2PO4
– anion to form
(p-cymene)Ru(OP(O)(OH)2)(TsDPEN) ([3H(H2PO4)]).  Coordination of H2PO4
– to an
unsaturated [(arene)Ru(diamine)]+ center has previously been observed by Severin and
coworkers.24
5.3 Catalytic Hydrogenation in Aqueous Solution
[1H]H2PO4  was found to effectively catalyze the hydrogenation of
2-hydroxyacetophenone (ACP-2-OH) to the diol 1-phenyl-1,2-ethanediol (Table 5.1).  The
catalyst was generated in situ by adding 1.1 equiv of H3PO4 to a suspension of 1 in H2O.  The
extra 0.1 equiv of acid was found to be required by Ohkuma and coworkers to allow for facile
protonation of 1, while not hindering the equilibrium for the deprotonation of the proposed M-H2
intermediate (Scheme 5.1).9  After vigorous mixing, a homogeneous red-orange solution was
formed.  In a typical experiment, 1 mL of a 5.8 mM aqueous solution of in situ generated
[1H](H2PO4) was added to a glass Fisher-Porter bottle containing a suspension of 200 mg
ACP-2-OH  in 4 mL of H2O, followed by subsequent pressurization with 10 atm H2.  The
integrity of the catalyst was evidenced by the results of a catalytic run using the chiral derivative,
[Cp*Ir(S,S-TsDPEN)]H2PO4, which afforded the (R)-diol hydrogenation product with an ee of
75%.
140
Table 5.1. Aqueous hydrogenation experiments.[a]
Catalyst Time(h) S/C TON
[b]
TOF (h-1)
Conversion
(%)
Notes
[1H]H2PO4 6 250 150 25 60
[1H]H2PO4 6 250 202 34 81 [c]
[1H]H2PO4 14 250 225 16 90
[1H]H2PO4 12 1000 650 54 65 [d.e]
[1H]H2PO4 6 250 175 29 70
[f]
[1H]H2PO4 12 1000 0 0 0 [g]
[1H]H2PO4 6 250 200 33 80 [h]
[1H]H2PO4 18 200 0 0 0 [i]
[2H]H2PO4 12 1000 590 49 59 [d.e]
[3H(H2PO4)] 24 200 0 0 0 [d,e]
[a] Unless otherwise noted, reactions were conducted with [1H]H2PO4 developed in situ using 1 and 1.1 equiv
H3PO4, along with 1.5 mmol of ACP-2-OH and 5 mL H2O in a glass autoclave pressurized with 10 atm H2. [b]
Determined by 1H NMR spectroscopy. [c] Using isolated [1H]H2PO4. [d] Performed in a stainless steel
autoclave. [e] Pressure = 30 atm. [f] Temperature = 40 ºC. [g] Employing 200 equiv H3PO4. [h] pH = 6
NaH2PO4 buffer solution was employed. [i] DMSO employed as solvent.
Completed hydrogenation runs were found to afford acidic solutions (pH = 3);  buffering
the solution of a catalytic run to pH = 6 using a NaH2PO4/Na2HPO4 buffer was found to
moderately modulate the conversion percentage (80 % conversion buffered vs 60 % conversion
unbuffered).  Increasing the pressure of H2 or the reaction temperature were both not found to
yield a significant increase in catalytic efficiency.  Catalysis was also observed in methanol, but
greater turnover numbers were achieved in aqueous solution (Table 5.2).  The mesyl derivative,
[2H]H2PO4, was found to be less active for the hydrogenation of ACP-2-OH than [1H]H2PO4,
opposite to the findings of Ohkuma and coworkers for hydrogenation of the same substrate in
(2)
OH
O Catalyst, H3PO4, H2, H2O, 60 
oC
OH
OH
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methanolic solution.  [3H(H2PO4)] was not found to hydrogenate ACP-2-OH; consistent with the
proposed coordination of the phosphate anion to the open coordination site of
[(p-cymene)Ru(TsDPEN)]+.
Table 5.2. Effect of H2O:Methanol Ratio on Hydrogenation of ACP-2-OH by [1H]H2PO4.
[a]
MeOH (mL) H2O (mL) Conversion (%)
[b]
5 0 35
2.5 2.5 58
0 5 70
[a] Reactions were performed for 6 h at 40 ºC under 10 atm of H2 in a glass autoclave. [b] Determined by 
1H
NMR spectroscopy.
Decomposition of the hydrogenation catalyst, [1H]H2PO4, was evidenced by the gradual
bleaching of the initial red-orange solution.  Independent generation of the catalyst degradation
product was performed by placing an aqueous solution of [1H]H2PO4 under 10 atm H2 at 60 ºC.
1H NMR analysis of the resulting solution revealed the existance of [Cp*2Ir2(µ-H)3]
+, along with
concommitant formation of HTsDPEN+.  [Cp*2Ir2(µ-H)3]
+ was found to be a poor catalyst for the
hydrogenation of ACP-2-OH to 1-phenyl-1,2-ethanediol.
Hydrogenolytic cleavage of the TsDPEN ligand from [1H]+ is proposed to occur through
the binding of H2, followed by intramolecular proton transfer from H2 to the tosylamido nitrogen
(Scheme 5.2).  The proposed deactivation mechanism may be general for all amido-based TH
catalysts under acidic conditions.  The hemi-lability of NTs-protonated TsDPEN has been
demonstrated by Xiao and coworkers in their isolation of [(p-cymene)Ru(dppe)(!1-TsDPEN)]2+
(dppe = 1,2-bis(diphenylphosphino)ethane) from the reaction of [2H]+ with dppe and triflic
acid.25  Proton transfer to the NTs group of [1H(H2)]H2PO4 would weaken the Ir-NTs bond,
which could be substituted to afford a !1-TsDPEN intermediate.  Hydrogenolysis of the
remaining Ir-NH2 bond would result in the formation of the observed [Cp*2Ir2(µ-H)3]
+
decomposition product.
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In support of the hydrogenolysis mechanism, treatment of [1H(NCMe)]OTf with HOTf
was found to afford the proposed tosylamino complex [1HH(NCMe)](OTf)2 (eqn 5.2).
Measurement of the acidity of the tosylamino proton was performed using urea as a base
(pKa!=!7.7 in MeCN), affording a pKa value of 8.55 ± 0.32.  The high acidity of the tosylamino
proton of [1HH(NCMe)](OTf)2 should coincide with the hemi-lability of the diprotonated
TsDPEN ligand.
5.4 Protonation of Cp*IrH(TsDPEN)
Attempts were made to protonate Cp*IrH(TsDPEN) (1H(H)) to quantify the pKa of either
the hydride or tosylamido group and also to generate the proposed catalyst deactivation
Scheme 5.2.  Proposed mechanism for catalyst deactivation.
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intermediate, [1HH(H)]+.  Addition of one equivalent of the strong acid HBF4·Et2O to 1H(H) in
MeCN resulted in the liberation of H2 to afford [1H(NCMe)]
+.  Interestingly, shifting to a weaker
acid, 2,6-lutidinium tetrafluoroborate (2,6-HLut), resulted in only approximately 20% conversion
of 1H(H) to [1H(NCMe)]+, concommitant with the observation of two new hydride signals in
equimolar quantities by 1H NMR spectroscopy in CD3CN (Figure 5.6).  [Cp*2Ir2(µ-H)3]
+ and
[Cp*Ir(H)2]2 were also generated in minute quantities.  The new hydride signals were not present
when the protonation of 1H(H) with 2,6-HLut was performed in CD2Cl2, THF-d8, or CD3OD
solutions, suggesting that the species were stabilized by MeCN.  The protonation products are
proposed to be diastereoisomers, where the protonation occurs on either the pro-R or pro-S face
of the tosylamido ligand.
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Protonation of the analogous Ir-hydride complex, Cp*IrH(TsDACH), using 2,6-HLut
resulted in cleaner conversion to the proposed NTs-protonated species, [Cp*IrH(TsDACH+H)]+,
without observation of [Cp*2Ir2(µ-H)3]
+.  The steric profile of the conjugate base, 2,6-lutidine,
hinders coordination to [Cp*IrH(TsDACH+H)]+. Decreasing the steric profile of the pyridinium
acid resulted in the observation of a new hydride species as a pair of diastereomers, along with
the previously observed [Cp*IrH(TsDACH+H)]+ diastereomers.  The chemical shift of the new
hydride diastereomers depended on the idendity of the conjugate base, suggesting that the
Figure 5.6.  1H NMR data displaying the hydride signals for the products of the reaction between
Cp*IrH(TsDPEN) + 2,6-lutidinium in CD3CN.  From top: Cp*IrH(TsDPEN) without acid,
Cp*IrH(TsDPEN) + 1.0 equiv lutidinium, and Cp*IrH(TsDPEN) + 2.0 equiv lutidinium.
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conjugate base interacts with the metal center.  It is possible that the tosylamino group is
substituted by the conjugate base to form a !1-diamine complex (Figure 5.7).
5.5 Conclusions
The protonation of 1 with H3PO4 was found to be a simple method for enabling the use of
[1H]+ in aqueous solution.  The salt formed, [1H]H2PO4, was shown to be an effective
hydrogenation catalyst for the reduction of ACP-2-OH in aqueous solution.  Over the course of
catalysis, [1H]H2PO4 was found to degrade to [Cp*2Ir2(µ-H)3]H2PO4, which was found to poorly
effect the hydrogenation of ACP-2-OH.
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Figure 5.7.  1H NMR data displaying hydride signals for the protonation products of Cp*IrH(TsDACH)
using 1 equiv of various pyridinium acids in CD3CN.  From top: Cp*IrH(TsDACH) without acid,
Cp*IrH(TsDACH) + 2,6-lutidinium, Cp*IrH(TsDPEN) + 3,5-lutidinium, and Cp*IrH(TsDPEN) +
pyridinium.
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Protonation of 1 with excess triflic acid was found to afford the diprotonated species,
[1HH(NCMe)](OTf)2.  Additionaly, protonation of 1H(H) with weak pyridinium acid derivatives
demonstrated evidence for an “arm-off” species being formed.  The experiment eludes to the
mechanism of catalyst degradation initiating through heterolytic cleavage of H2, with
concomittant protonation of the tosylamido group.  The diprotonated species, [1HH(H)]+ could
next be displaced by solvent, followed by loss of TsDPENH+ through hydrogenolysis.  Tethering
of the TsDPEN ligand to the Cp* ring may deter hydrogenolysis of the ligand to form
[Cp*2Ir2(µ-H)3]
+.
5.6 Experimental
NMR data was collected on a Varian Unity 500 MHz NMR spectrometer.  IR data was
collected on a Mattson Infinity Gold FTIR.  Hydrogenation experiments were performed in a 80
mL glass autoclave obtained from Andrew’s Glass Co.  Research grade hydrogen gas was
obtained from Matheson Tri-Gas.  All reagents were purchased from Sigma Aldrich and used
without further purification.
[Cp*Ir(TsDPEN)]H2PO4·H2O [1H]H2PO4.  Cp*Ir(TsDPEN-H) (250 mg, 0.36 mmol) was
dissolved in a mixture of CH2Cl2 (5 mL) and Et2O (50 mL).  An aqueous solution of H3PO4
(25!µL, 85%, 0.36 mmol) was added to the red-orange solution to afford a light orange
precipitate.  The precipitate was isolated by filtration to afford the product as a light orange solid
(205 mg, 72%).  1H NMR (500 MHz, D2O): ! 1.72 (s, 15H, Cp*), 2.14 (s, 3H, SO2C6H4-4-CH3),
4.20 (br s, 1H, H2NCHPhCHPhNTs), 4.44 (br s, 1H, H2NCHPhCHPhNTs), 6.78-7.31 (14H,
aromatic). 1H NMR (500 MHz, CD3OD): ! 1.90 (s, 15H, Cp*), 2.27 (s, 3H, SO2C6H4-4-CH3),
4.09 (d, 3.8 Hz, 1H, H2NCHPhCHPhNTs), 4.59 (d, 3.8 Hz, 1H, H2NCHPhCHPhNTs), 6.88-7.24
(14H, aromatic). 13C (125 MHz, CD3OD): ! 5.41, 16.47, 65.69, 71.85, 85.80, 122.98, 123.48,
123.69, 123.72, 124.12, 124.32, 124.56, 125.17, 134.20, 136.42, 138.60.  31P{1H} NMR (202
MHz, D2O): ! 1.00 (s). 
31P{1H} NMR (202 MHz, CD3OD): ! 2.21 (s). IrC31H40N2O7PS·H2O
(807.91): Anal. calcd. C 46.09, H 4.99, N 3.47; found C 45.83, H 4.67, N 3.39.
[Cp*Ir(PMe3)(TsDPEN)]H2PO4.  A solution of [1H]H2PO4 (13 mg, 16.4 µmol) in methanol
was frozen, followed by the addition of PMe3 (0.05 mL) via distillation.  Upon thawing the
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solution had changed color to yellow.  After 5 min of stirring, the solution was concentrated
under reduced pressure to afford a yellow solid. 1H NMR (500 MHz, CD3OD) (two
diastereomers [major and minor]): ! 1.89 (d, 2.0 Hz, 15H, Cp*, major), 1.93 (d, 2.1 Hz, 15H,
Cp*, minor), 2.00 (d, 11.1 Hz, 3H, P(CH3)3, minor), 2.06 (d, 10.9 Hz, 3H, P(CH3)3, major), 2.20
(s, 3H, SO2C6H4-4-CH3, major), 2.25 (s, 3H, SO2C6H4-4-CH3, minor), 3.66 (d, 11.5 Hz,
H2NCHPhCHPhNTs, major), 4.48 (d, 11.5 Hz, H2NCHPhCHPhNTs, major), 6.65-7.23 (14H,
aromatic, major and minor).  31P{1H} NMR (202 MHz, CD3OD): ! -28.09 (PMe3, major), -26.10
(PMe3, minor), 2.52 (H2PO4
-).
[Cp*Ir(CO)(TsDPEN)]H2PO4.  Carbon monoxide was bubbled into a 3 mL methanol solution
of [1H]H2PO4 (18 mg, 22.8 µmol), instantly bleaching the red solution.  The solvent was
removed under reduced pressure to afford a colorless solid.  IR(KBr): "CO = 2057 cm
-1.  1H NMR
(500 MHz, CD3OD): ! 2.13 (s, 15H, Cp*), 2.17 (s, 3H, SO2C6H4-4-CH3), 3.49 (d, 11.2 Hz, 1H,
H2NCHPhCHPhNTs), 4.32 (d, 11.2 Hz, 1H, H2NCHPhCHPhNTs), 6.53-7.26 (14H, aromatic).
[Cp*Ir(MsDPEN)]H2PO4 [2H]H2PO4.  Cp*Ir(MsDPEN) (8 mg, 13 µmol) was suspended in
D2O (0.7 mL) in a NMR tube.  A D2O solution of H3PO4 (54 mL, 0.24 M) was added to the
suspension to afford a red solution.  Quantitative conversion to [Cp*Ir(MsDPEN)]H2PO4 was
observed by 1H NMR spectroscopy. 1H NMR (500 MHz, D2O): ! 1.68 (s, 15H, Cp*), 2.21 (s,
3H, SO2C6H4-4-CH3), 4.29 (d, 3.2 Hz, 1H, H2NCHPhCHPhNTs), 4.80 (d, 3.2 Hz, 1H,
H2NCHPhCHPhNTs), 7.12-7.33 (14H, aromatic).
 31P NMR (500 MHz, D2O): ! 0.87 (s).
[(p-cymene)Ru(OPO3H2)(TsDPEN)] [3H(H2PO4)].  (p-cymene)Ru(TsDPEN-H) (100 mg, 0.17
mmol) was dissolved in CH3CN (5 mL), followed by the addition of a CH3CN solution of H3PO4
(1.15 mL, 0.14 M) to afford a yellow precipitate.  The suspension was diluted with 30 mL Et2O
and the yellow suspension was filtered via cannula.  A yellow solid was isolated and stored
under N2 (Yield = 85 mg, 73%).  The isolated solid was not found to be very soluble in most
organic solvents.  31P NMR spectrum could not be obtained to due the low solubility of the
product.  1H NMR (500 MHz, CD3OD): ! 1.40 (d, 6.8 Hz, 3H, CH3C6H4CH(CH3)2), 1.44 (d, 7.0
Hz, 3H, CH3C6H4CH(CH3)2), 2.26 (s, 3H, SO2C6H4-4-CH3), 3.08 (septet, 7.3 Hz, 1H, CH3C6H4C-
H(CH3)2), 3.63 (d, 11.7 Hz, 1H, H2NCHPhCHPhNTs), 4.00 (d, 11.3 Hz, 1H,
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H2NCHPhCHPhNTs), 5.60 (br s, 1H, CH3C6H4CH(CH3)2), 5.78 (br s, 1H, CH3C6H4CH(CH3)2),
5.83 (br s, 1H, CH3C6H4CH(CH3)2), 5.92 (br s, 1H, CH3C6H4CH(CH3)2), 6.54-7.27 (14H,
aromatic).
[Cp*Ir(NCMe)(HTsDPEN)](OTf)2 [1HH(NCMe)](OTf)2.   Cp*Ir(TsDPEN-H) (100 mg, 145
µmol) in CH2Cl2 was treated with (40 µL, 450 µmol) of triflic acid resulting in an immediate
color change from reddish-purple to a bright yellow color.  The solution was allowed to stir for
30 min and the solvent was removed under reduced pressure.  A yellow slightly oily solid was
obtained and washed with n-hexane.  No further work up was attempted due to the extreme
instability of the complex, which resulted in [Cp*Ir(TsDPEN)]OTf upon exposure to Et2O or
THF.  Exposure of the solid to air longer than 24 hours resulted in a slight discoloration to a
reddish-orange color indicative of formation of [Cp*Ir(TsDPEN)]OTf.  1H NMR (500 MHz,
CD3CN): !  1.60 (s, 15H, Cp*), 2.28 (s, 3H, SO2C6H4-4-CH3), 4.11 (t, 10 Hz, 1H,
H2NCHPhCHPhNHTs), 4.52 (t, 10 Hz, 1H, H2NCHPhCHPhNHTs), 4.73 (br t, 10 Hz, 1H,
HHNCHPhCHPhNHTs), 5.49 (br d, 10 Hz, 1H, HHNCHPhCHPhNHTs), 6.73-7.52 (m, 14H and
H2NCHPhCHPhNHTs).
Procedure for hydrogenation of 2-hydroxyacetophenone.  Cp*Ir(TsDPEN-H) (4 mg,
5.8!µmol) was suspended in deionized H2O (1 mL), followed by the addition of an aqueous
solution of H3PO4 (25 µL, 0.29 M).  Vigorous shaking of the suspension afforded a red-orange
solution, which was transferred into a 80 mL silated glass autoclave along with ACP-2-OH (200
mg, 1.47 mmol), deionized H2O (4 mL), and a magnetic stir bar.  The autoclave was pressurized
with 14 atm H2 and depressurized to 5 atm in three cycles before reaching a final H2 pressure of
10 atm.  The autoclave was heated to 60 °C and its contents were stirred vigorously for 12 h.
Product ratios were identified via 1H NMR spectroscopy (CDCl3) of the solid obtained upon
removal of H2O.
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HPLC Traces.  1-Phenyl-1,2-ethanediol samples were obtained using the procedure outlined
above and were filtered through a pad of silica using methylene chloride as an eluent.
Conditions:
Column = Chiralcel OB-H
Eluent = Hexanes/EtOAc = 98/2
Flow rate = 1.0 mL/min
Detection = UV 220 nm
Figure 5.8. HPLC chromatogram acquired for the hydrogenation of ACP-2-OH using racemic [1H]H2PO4
(1!= (R)-1-phenyl-1,2-ethanediol, 2 = (S)-1-phenyl-1,2-ethanediol).
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Figure 5.9. HPLC chromatogram acquired for the hydrogenation of ACP-2-OH using (S,S)-[1H]H2PO4 (1!=
(R)-1-phenyl-1,2-ethanediol, 2 = (S)-1-phenyl-1,2-ethanediol).
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Appendix A.
Synthesis of Diphenyl(2-pyridonyl-6-methyl)phosphine
First reported in 1944,1 pyridylphosphines have been used for a number of catalytic
processes, including the carbonylation of alkynes.2,3  The three-atom distance between the P and
N atoms in diphenyl-2-pyridylphosphine does not allow chelation, but is ideal for bridging two
metal centers.4  Capitalizing on the dilithiation of 6-methyl-2-pyridone (presented in Chapter 2),
a project was initiated focused on synthesizing a chelating pyridyl-phosphine having a pendant
hydroxy group (HOPyCH2PPh2) (Figure A.1).
N
PPh2
HO
HOPyCH2PPh2
NLiO
Li
1) PPh2Cl
2) H+
Figure A.1. Proposed synthesis of chelating picolinyl-phosphine.
The initial reaction attempted towards the synthesis of HOPyCH2PPh2 (Figure A.1)
resulted in the formation of a mixture of products, as observed by 31P NMR spectroscopy (Figure
A.2).  The signal observed at ! –10.7 correlates closely to the chemical shift observed for the
related compound (2-pyridylmethyl)diphenylphosphine (! –11.6).  A report by Braunstein and
coworkers stated that simply adding PPh2Cl to a solution of "-lithio 2-picolinyl results in a
mixture of species.
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Braunstein developed a method to avoid the formation of byproducts by first silylating
the lithiated-C using TMSCl (TMSCl = chlorotrimethylsilane) (Scheme A.1).5  Addition of
PPh2Cl to the TMS derivatized 2-picoline resulted in clean conversion to the desired PyCH2PPh2
phosphines.
Scheme A.1. Synthetic route used by Braunstein to isolate PyCH2PPh2.
N
PPh2
PyCH2PPh2
N
TMS
N
Li
TMSCl PPh2Cl
Adapting TMS-metathesis methodology to the synthesis of HOPyCH2PPh2, dilithiated 6-
methyl-2-pyridone was treated with two equiv TMSCl to afford a disilylated species.  1H NMR
spectroscopy of the isolated product displays correct integration for two separate singlets (! 0.02
Figure A.2.  31P NMR spectrum (162 MHz) acquired for a CD2Cl2 solution of a sample acquired from the
reaction of dilithiated 2-pyridone with chlorodiphenylphosphine.
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and 0.32) for the TMS methyl groups in an approximate 1:1 ratio (Figure A.3).  The methylene
group (!!2.18) also properly integrates to two protons with respect to the TMS signals.
Treatment of the disilylated 6-methyl-2-pyridone with one equiv of PPh2Cl was found to
afford the phosphinite, Ph2POCH2PyCH2TMS, rather than the desired metathesis product with
the methylene-TMS bond.  31P NMR spectroscopy of the reaction mixture displays a singlet at
!!98.4 corresponding to the phosphinite product and another singlet at ! 82.5 for the PPh2Cl
starting material.  A small signal at ! 99.5 could correspond to the phosphinite species after
hydrolysis of the remaining TMS group.
Figure A.3.  Integrated 500 MHz 1H NMR spectrum acquired for a CD2Cl2 solution of the product formed
by treating dilithiated 6-methyl-2-pyridone with two equiv TMSCl.
NTMSO
TMS
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In order to drive phosphorylation at the methylene position, another route was chosen
using a methoxy-protected 6-methyl-2-pyridone (Scheme A.2).  Silylation of 6-lithiomethyl-2-
methoxypyridine, followed by treatment with PPh2Cl would direct phosphorylation to occur at
the silylated methylene group.  Deprotection of the methoxy group could be effected by the
addition of acid to MeOPyCH2PPh2.
Scheme A.2.  Proposed synthetic route for MeOPyCH2PPh2.
NMeO
Li
TMSCl
NMeO
TMS
PPh2Cl
NMeO
PPh2
MeOPyCH2PPh2
Treatment of 6-lithiomethyl-2-methoxypyridine with TMSCl was found to afford the
desired monosilylated product.  The 1H NMR spectrum for the silylated product displays correct
Figure A.4.  31P NMR spectrum (162 MHz) acquired for a CD2Cl2 solution of the residue isolated from the
reaction between PPh2Cl and the disilylated pyridone.
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integration between the TMS methyl signal (! 0.07) and the methylene group (! 3.90) (Figure
A.5).  Monitoring by 31P NMR, the addition of PPh2Cl to a THF solution of 2-methoxy-6-
trimethylsilylmethylpyridine was found to afford a singlet at ! –12.3, possibly indicative of
substitution at the methylene group (Figure A.6).  The reaction was found to be slow, with only
approximately 25!% conversion to the desired product over a period of 5 d.
Figure A.5.  Integrated 500 Mhz 1H NMR spectrum acquired for a CD2Cl2 solution of the product isolated
from the treatment of 6-lithiomethyl-2-methoxypyridine with TMSCl.
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An untested route toward the isolation of HOPyCH2PPh2 could be based off of Kamer
and coworkers improved synthesis for PyCH2PPh2 (eq A.1).
6
PPh3
1) Na/NH3
2) H
N
Cl
Cl
N
PPh2 (eq A.1)
Kamer’s one-pot synthesis of PyCH2PPh2 begins with sodium reduction of PPh3 in
ammonium to  genera te  sod ium diphenylphosphide.   Addit ion of
2-chloromethylpyridine!hydrochloride to the diphenylphosphide solution affords the desired
product PyCH2PPh2 at a yield of 65 %.  Utilization of this methodology would require the use of
2-chloromethyl-6-methoxypyridine, and subsequent deprotection of the methoxy group to afford
HOPyCH2PPh2.
Figure A.6.  31P NMR spectrum (162 MHz) for a CD2Cl2 solution of the reaction between MeOPyCH2TMS
with PPh2Cl.
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Experimental
All manipulations were performed under an Ar atmosphere using standard Schlenk
techniques, unless otherwise noted.  Reagents were purchased from Sigma-Aldrich and Matrix
Scientific.  Solvents were HPLC-grade and dried by filtration through activated alumina or
distilled under nitrogen over an appropriate drying agent.  All other commercial reagents were
used as received without further purification.  1H NMR spectra were acquired using a Varian 500
spectrometer.  1H NMR signals are referenced to the residual solvent signal.7
TMSOPyCH2TMS.  A THF (40 mL) slurry of 6-methyl-2-pyridone (1.0 g, 9.1 mmol) at 0!ºC
was treated with n-butyllithium (12 mL, 1.6 M) to afford an orange solution.  The orange
solution was warmed to room temperature and stirred for 1 h.  The resulting red solution was
cooled to –78 ºC, followed by the addition of a THF (20 mL) solution of TMSCl (4.65 mL, 36.6
mmol) to afford a light yellow solution.  The yellow solution was allowed to warm gradually
over a period of 14 h.  Removal of solvent under vacuum afforded a light yellow residue which
was used in the next synthetic step.  1H NMR (500 MHz, CD2Cl2): ! 0.01 (s, 9H), 0.32 (s, 9H),
2.18 (s, 2H), 6.34 (d, J = 8.1 Hz, 1H), 6.53 (d, J = 7.4 Hz, 1H), 7.38 (t, J = 7.6 Hz, 1H).
Reaction of TMSOPyCH2TMS with PPh2Cl.  A THF (50 mL) solution of TMSOPyCH2TMS
(2.3 g, 9.1 mmol) was treated with PPh2Cl (1.55 mL, 8.6 mmol) dropwise at –78 ºC.  The
resulting yellow solution was warmed to room temperature and stirred over a period of 14 h.
Removal of solvent under vacuum afforded a yellow oil, which was analyzed via 31P NMR
spectroscopy.
MeOPyCH2TMS.  Prepared in a similar manner to TMSOPyCH2TMS starting from 2-methoxy-
6-methylpyridine.  1H NMR (500 MHz, CD2Cl2): ! 0.07 (s, 9H), 2.28 (s, 2H), 3.90 (s, 3H), 6.45
(d, J = 8.1 Hz, 1H), 6.59 (d, J = 7.4 Hz, 1H), 7.45 (br t, 1H).
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Appendix B.
Reaction of Cp*Ir(TsDPEN-H) with LiBArF204 and H2
Protonation of the ‘dehydro’ state of transfer hydrogenation catalysts of type
(arene)M(TsDPEN-H) activates the metal center towards H2.
1,2  This proton-iniated H2 activation
feature makes catalytic hydrogenation feasible utilizing the cationic state of these catalysts, as
seen in Chapter 5.  In an effort to activate the 16e– complex, Cp*Ir(TsDPEN-H), towards H2
using an alternative Lewis acid, Li+, LiBArF204 (BAr
F20
4
– = tetrakis(pentafluorophenyl)borate) was
tested as a proton surrogate.  The hypothesis was that the cation of the salt LiBArF204 would
coordinate the amido group of TsDPEN, while the non-coordinating anion (BArF204
–) would not
inhibit H2 binding (Scheme B.1).
Scheme B.1. Proposed Li+ activation of Cp*Ir(TsDPEN-H) toward H2.
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Analysis of a CD2Cl2 solution of Cp*Ir(TsDPEN-H) treated with one equiv LiBAr
F20
4 was
found to afford a 1H NMR spectrum displaying broad signals for the Ir complex, suggesting
interaction with the added salt.  Replacing the headspace with H2 resulted in a color change from
dark red-purple to light pink.  1H NMR signals for the product species were poorly resolved, with
the Cp* signal appearing at ! 1.81 and the tosyl methyl group appearing at ! 2.33 as broad
signals (Figure!B.1).  No hydride signals were observed between 0 and –20 ppm.
Hydrogenolysis is unlikely due to the lack of observation of [Cp*Ir(µ-H)3]
+, a typical
decomposition product formed through this pathway.
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The reaction was retested using the mesyl derivative Cp*Ir(MsDPEN-H).  The addition
of LiBArF204 was once again found to broaden the 
1H NMR signals for Cp*Ir(MsDPEN-H), and
treatment with H2 resulted in a color change from dark red-purple to light pink.  No hydride
signals were observed in the 1H NMR spectrum for this reaction mixture (Figure B.2).  The 1H
NMR spectrum for authentic Cp*IrH(MsDPEN) is displayed in Figure B.3.  Subsequent tests
should use a THF-free sample of LiBArF204, to avoid interaction of the solvate with the open
coordination site of Ir.  Additionally a catalytic amount of the LiBArF204 salt needs to be tested, as
well as the possible reactivity of Cp*IrH(TsDPEN) with LiBArF204.
Figure B.1.  1H NMR spectrum (500 MHz) acquired for a CD2Cl2 solution of Cp*Ir(TsDPEN-H) and
LiBArF204  before treatment with H2.
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Figure B.2.  Stacked 500 MHz 1H NMR spectra (CD2Cl2) for the reaction of Cp*Ir(MsDPEN-H) with
LiBArF204 before the addition of H2 (top) and after the addition of H2 (bottom).
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Figure B.3. 1H NMR spectrum (500 MHz) acquired for a CD3CN solution of an authentic sample of
Cp*IrH(MsDPEN) diastereomers displaying aliphatic and aromatic signals (top) and hydride signals
(bottom).
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Appendix C.
Reduction of Metal-Coordinated CO using TH Catalysts
Inspired to expand the scope of substrates reduced by TH catalysts, this study describes
the reduction of coordinated ligands by complexes of type (arene)MH(TsDPEN).  An initial
target for reduction was metal-carbonyls, with the goal being to expand the use of TH catalysts
to Fischer-Tropsch chemistry (the conversion of CO and H2 to hydrocarbons).  The hypothesis
was that (arene)MH(TsDPEN) could transfer a hydride to a coordinated CO ligand catalytically
(Scheme C.1).
Scheme C.1.  Proposed catalytic hydride transfer to M-CO’s using [Cp*Ir(TsDPEN)]+ as a catalyst.
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To test this theory, a metal–carbonyl was needed having a large hydride affinity that
would form a stable metal–formyl.  DuBois and coworkers have studied equilibrium for the
transfer of a hydride from [Pt(dmpe)2H]
+ (dmpe = diphenylphosphinomethane) to a variety of
metal–carbonyls, showing that [CpRe(NO)(CO)2]
+ has the greatest hydride affinity of the
compounds tested.1  Indeed prior reports for hydride transfer to [CpRe(NO)(CO)2]
+ have shown
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that CpRe(NO)(CHO)(CO) is a stable complex and further reduction to hydroxymethyl and
methyl is also possible (Figure C.1).2-5
Re
CO
OC
ON
+
H–
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H
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H2
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C
H2
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ON OH
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Figure C.1. Stepwise reduction of [CpRe(NO)(CO)2]
+ to the neutral formyl, hydroxymethyl and methyl
complexes.
Treatment of a MeCN solution of [CpRe(NO)(CO)2]BF4 with Cp*IrH(TsDPEN) was not
observed to result in an immediate color changed.  Analysis of the reaction mixture by IR
spectroscopy indicated the presence of CpRe(NO)(CO)(CHO) (!CO = 1992 cm
-1, !NO = 1721!cm
-1,
!formyl = 1631 cm
-1) in approximately 60 % yield (Figure C.2).  Formation of the Re–formyl
complex was also confirmed by 1H NMR spectroscopy.
Attempts were made to catalytically convert [CpRe(NO)(CO)2]BF4 to
CpRe(NO)(CO)(CHO) in methanol using [Cp*Ir(TsDPEN)]PF6 in methanol under an
atmosphere of H2.  Formation of product via the Ir catalyst could not be determined due to a
background reaction between the Re–dicarbonyl and MeOH solvent.  An alternative solvent
needs to be tested which circumvents this background reaction, yet still allows reaction of
[Cp*Ir(TsDPEN)]+ with H2.  MeCN forms an adduct with the Ir cation which would block
binding of H2, poisoning the catalyst.
168
Figure C.2.  IR spectrum acquired in situ for the reaction between Cp*IrH(TsDPEN) and [Re(NO)(CO)2]BF4
(*) in MeCN to afford Re(NO)(CO)(CHO) (!).
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